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FOREWORD 
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bart, Dr. W. H. Smart, who were the principal investigators, 
Mr. C. M. McCullough, Mr. S. A. Ring, and Mrs. Maria Roja. 
The project was under the overall. direction of Dr. Weissbart. 
The technical monitor was Dr. T. Wydeven, Environmental Con- 
trol Research Branch, NASA Ames Research Center, Moffett 
Field, California. 
Distribution of this report is provided in the interest of 
information exchange. Responsibility for the contents re- 
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AB STRACT 
Development of an aerospace l i fe -suppor t  system f o r  oxygen pro- 
duct ion  from C02 proceeded successfu l ly  from the 12-ampere t o  
the 127-ampere (one-man) l e v e l  during t h i s  program period. The 
system cons i s t ing  of a 127-ampere thrse-module C02-Hz0 s o l i d  
oxide e l e c t r o l y t e  e l ec t ro lyze r  a t  8800C and CO-disproportionation 
r e a c t o r  a t  556OC w a s  t e s t e d  and operated continuously beyond 
250 hours. The u n i t  generated oxygen a t  a r a t e  of 481 ml/min 
wi th  a fa rada ic  cur ren t  e f f i c i ency  near 100% and an average C02  
content  of only 2.4%. The C 0 2  w a s  converted i n  the e l e c t r o l y z e r  
t o  53% CO, and one- third  of t h i s  CO w a s  d isproport ionated i n  the  
r e a c t o r  t o  carbon and Cop. Each module, r a t ed  a t  48 amperes and 
operated a t  42 amperes a t  a cdr ren t  dens i ty  of 175 rnA/crn2, con- 
ta ined  twelve c e l l s  arranged as s i x  two-cell  drums. 
Each drum consis ted of two e l e c t r o l y t e  d i sk s ,  each having 20 cm* 
e l ec t rodes ,  sea led  t o  a 6.3 c m  diameter z i r c o n i a - c a l c i a  r i n g  body. 
Disks were made from hot-pressed compacts o f s cand i a - s t ab i l i z ed  
z i r con i a  and the  d i s k  thickness  w a s  i n  the  range 0.08 t o  0.22 cm. 
For ty-eight  compacts, 255 d i sk s ,  and 48 drums of t h i s  type w e r e  
made. Elec t ro lyzer  modules were assembled by connecting d b s  t o  
alumina manifold tubes by means of metal  gas-feed tubulat ions .  
Modules incorporated p a r a l l e l  gas flow through the  drums and 
s e r i e s  e l e c t r i c a l  connection between the  c e l l s .  Application of 
an  improved disk-to-body s ea l i ng  method, the  edge seal, combined 
w i th  previously per fec ted  cur ren t  - lead and metal tube seals 
through the  drum body, yie lded 25 gas- t ight  drums out  of the  26 
attempted of t h i s  type. Room-temperature tests f o r  gas- t ightness  
of s e a l s  were developed which gave a u se fu l  c o r r e l a t i o n  wi th  
high-temperature behavior f o r  both s i ng l e  drums and multi-drum 
modules. A t c s t  e l e c t r o l y z e r  having one edge-sealed drum was 
operated a t  e i g h t  amperes ( four  amperes per  ce l l ,  200 rnA/crnZ) 
and 100% fa rada ic  cur ren t  e f f i c i ency  t o  e l ec t ro lyze  C02 wi th  the  
production of Cog-free oxygen (<0.01';1, ~ 0 2 )  f o r  more than 30 days. 
These r e s u l t s  show.that  the  high-temperature s ea l i ng  process has 
been developed t o  a l e v e l  equal  t o ,  o r  higher than,  t h a t  of the  
o the r  technologies requi red  f o r  cons t ruc t ion  and operat ion of 
C02 e l e c  t r o lyze r s  f o r  l i f e  -support sys tems . 
Fabr ica t ion  of interchangeable components of t h i s  design,  room- 
temperature t e s t i n g ,  and maintaining an inventory i n  prepara t ion  
f o r  assembly has r a i s e d  the present  state of s o l i d  oxide device 
technology from the laboratory t o  the  prototype s tage  f o r  pro- 
duct ion  of one -man e l ec t ro lyze r - reac to r  systems. 
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Sect ion 1 
INTRODUCTION 
The main purpose of the  work dur ing the  p a s t  c o n t r a c t  year 
was t o  s c a l e  the  s i z e  of C02-H20 eLectrolyzers  based on s o l i d  
oxide e l e c t r o l y t e s  f o r  oxygen generat ion f o r  aerospace li f e  
support  t o  the  the  one-man capac i ty  l e v e l  (127 A)  from the 
one-tenth man l e v e l  (12 A) of the  preceding year.  A 250-hr 
ope ra t iona l  t e s t  of the  one-man e l e c t r o l y z e r  coupled t o  a 
c a t a l y t i c  r e a c t o r  of equiva len t  capac i ty  f o r  disproport iona-  
t i o n  of the CO produced by e l e c t r o l y z i n g  C02, s a t u r a t e d  wi th  
Hz0 a t  room temperature, was requi red ,  A support ing research  
e f f o r t  was c a l l e d  f o r ,  i n  a d d i t i o n  t o  the  e l e c t r o l y z e r  and 
r e a c t o r  f a b r i c a t i o n  program, t o  improve the  q u a l i t y  of compo- 
nents  of the  e l e c t r o l y z e r  and r e a c t o r  system and t o  develop 
f u r t h e r  s o l i d  oxide device technology and opera t iona l  r e l i a -  
b i l i t y ,  
Experience wi th  12-A e l t c t r o l y z e r s  dur ing the  year precttdinz 
t h i s  one and improvement of f a b r i c a t i o n  methods f o r  making com- 
ponents and assembling m u l t i - c e l l  high-temperature e l e c t r o l y z e r s  
l e d  t o  a modif icat ion of design,  The modules of the  one-man 
u n i t  r e t a i n e d  the  bas ic  design f e a t u r e s  of the  12-A u n i t s  as 
regards  the  e l e c t r o l y t e  conf igura t ion ,  e l e c t r i c a l  s e r i e s  con- 
nec t ions ,  p a r a l l e l  gas flow, and o t h e r  s i g n i f i c a n t  parameter;, 
but  d i f f e r e d  i n  body shape, s e a l i n g  emf i g u r a t i o n ,  a a n i f  o l d  
design,  and m a t e r i a l s  of c o n s t ~ ~ c t i o n ,  The s u p e r i o r i t y  which 
w a s  expected f o r  the  new design wi th  r e s p e c t  t o  the  o l d  w a s  
borne ou t  i n  the  course of C02-Hz0 e l e c t r o l y s i s  a t  -850% wi th  
e l e c t r o l y z e r s  of both types and of comparable capacities. 
The f a b r i c a t i o n  procedure f o r  the  1 2  7-A e l e c t r o l y z e r  involves 
a  number of technologies ,  among which a r e  hot  pres~ i n g  of 
ceramics, dianond machining, e l e c t r o p l a t i n g ,  knd making ce ra -  
mic-to-czramic and ceramic-to-metal s e a l s  whicn re..lain gas- 
t i g h t  on prolonged exposure t o  both oxid iz ing  and reducing 
atmospheres a t  -850°c. Although modif icat ions  and improve- 
ments were made i n  each of these  a r e a s  i n  the  p a s t  con t rac t  
year ,  t he  most s i g n i f i c a n t  advances occurred i n  the  high-tem- 
pe ra tu re  s e a l i n g  area .  The work descr ibed i n  t h i s  r e p o r t  has 
brought these  s e a l s  t o  a l e v e l  of performance equal  t o ,  o r  
h igher  than,  t h a t  of  the  e l e c t r o d e s ,  e l e c t r o l y t e ,  and o t h e r  
e l e c t r o l y z e r  components. 
A s t e e l  pipe c a t a l y t i c  r e a c t o r  s i m i l a r  t o  the  type used the  
preceding year wi th  the  12-A u n i t s  was used t o  dcpos i t  carbon 
from the CO e f f l u e n t  of the  one-man, 127-A C02-Hz0 e i e c t r o -  
lyzer .  hasmuch as the  technology of c a t a l y t i c  r e a c t o r s  i s  
wel l  developeci by comparison wi th  high-temperature s o l i d  
oxide e l e c t r o l y s i s  technology, r e l a t i v e l y  l i t t l e  t echn ica l  
e f f o r t  was devoted t o  r e a c t o r  improvement and scale-up. 
Operat ional  d a t a  f o r  the  r e a c t o r  were obteined as p a r t  of  the  
t e s t i n g  of the  one-man i n t e g r a t e d  C02-Hz0 e l e c t r o l y z e r - r e a c t o r  
system. 
A meaningful c o r r e l a t i o n  between room-temperature test r e s u l t s  
of the  gas- t ightness  of the  var ious  requi red  seals and the  
opera t iona l  r e s u l t s  on working u n i t s  a t  the  opera t ing  tem- 
perature  of -850°C has been achieved dur ing  t h i s  year.  This 
h ~ s  required f u r t h e r  development of the  room-temperature test- 
i n g  p rocedu~es .  The room-temperature t e s t  of components f o r  
g a s - t i g h t n e s ~  has become a n  invaluable  a i d  i n  the  prepara t ion  
and inventory of components f o r  f i n a l  assembly. The seals of 
a two-cell  e l e c t r o l y z e r  were found t o  be gas- t igh t  a t  room 
temperature and t e s t e d  ou t  gas - t igh t  by gas chromatographic 
a n a l y s i s  of the  C02 content  i n  the  oxygen stream produced by 
C02  e l e c t r o l y s i s  a t  870°C. The room-temperature tests of the  
three  42-A modules of the  one-man C02 e l e c t r o l y z e r  a l s o  c u r -  
r e l a t e d  w e l l  wi th  the  high-temperature ope ra t iona l  r e s u l t s .  
The at tainment of the  primary goal  of  t h i s  yea r ' s  e f f o r t  on 
the  p u  ject-the development of ope ra t iona l  hardware a t  t h e  
one -man level-has been amply demonstrated by t h e  design,  
cons t ruc t ion ,  t e s t i n g ,  and opera t ion  of a 1 2 7 4  capac i ty  
COZ -H2O e l e c  trolyzer/cO d i sp ropor t iona t ion  r e a c t o r  sys  t e m .  
The problem of assembling s o l i d  oxide e l e c t r o l y t e  c e l l s  (ce- 
ramic d i s k s )  i n t o  gas - t igh t  m u l t i - c e l l  e l e c t r o l y z e r  modules 
of a t  l e a s t  48-A capaci ty  has been solved. 
Sect ion 2 
TWELVE AMPERE UNIT OF SQUARE DESIGN (NUMBER 2 - 4 )  
2 . 1  INTRODUCTION 
D e t a i l s  of the  design,  cons t ruc t ion ,  and prel iminary t e s t -  
i n g  of the  12-A e l e c t r o l y s i s  u n i t  have been presented i n  the  
F i r s t  Annual Report (Ref. I). Subsequent l i f e  t e s t i n g  of the  
C02-Hz0 e l e c t r o l y s i s  u n i t  c a r r i e d  ou t  s e p a r a t e l y  and i n  con- 
junct ion wi th  an  in t eg ra ted  carbon depos i t ion  r e a c t o r  are 
descr ibed below. 
The 12 -A u n i t  cons is ted  of th ree  c e l l s  connected e l e c t r i c a l l y  
i n  s e r i e s  and incorporated a p a r a l l e l  gas flow arrangement t o  
the  e l ec t rode  chambers. Each c e l l  w a s  made up of an e l e c t r o -  
l y t e  d i s k  of  z i rconia-scandia  and a square c e l l  body of z i r -  
conia-ca lc ia  having i n t e r n a l  manifolds. The disk-to-body and 
body-to-body s e a l s  were made wi th  gold and gold-palladium 
a l l o y s .  The ind iv idua l  c e l l s  each had a platinum e lec t rode  
a r e a  of 20 cm2. 
E l e c t r o l y t i c  oxygen t r a n s f e r  experiments were f i r s t  undertake5 
f o r  s e v e r a l  days wi th  a v a r i a t i o n  of c u r r e n t  from 1 t o  4 A. 
E l e c t r o l y s i s  of carbon dioxide t o  generate  oxygen w a s  c a r r i e d  
ou t  wi th  tank carbon dioxide flowing a t  165 ml/min. The car- 
bon dioxide w a s  passed through a water s a t u r a t o r  a t  ambient 
temperature before e n t e r i n g  the  cathode chambers of the  e l e c -  
t r o l y z e r .  The i n i t i a l  CO2-Hz0 e l e c t r o l y s i s  experiments were 
made a t  8200C and wi th  a v a r i a t i o n  of c u r r e n t  from 1 t o  4 A. 
E l e c t r i c a l  opera t ing  parameters obtained from the CO2-Hz0 
e l e c t r o l y s i s  and the  e l e c t r o l y t i c  oxygen t r a n s f e r  experiments 
could then be compared under similar opera t ing  condi t ions  
(Ref. 1 ) .  
2.2 LIFE TEST 
Li fe  t e s t i n g  under condi t ions  of CO2-Hz0 e l e c t r o l y s i s  w a s  c a r -  
r i e d  ou t  i n  the  12-A u n i t  a t  820% and 4 A (200 m~/cmZ) f o r  a 
per iod of e leven  days. The temperature of the  e l e c t r o l y z e r  
w a s  then r a i s e d  t o  870°C and the  e l e c t r o l y s i s  of C02 was c a r -  
r i e d  out  wi th  the  carbon depos i t ion  r e a c t o r  connected i n t o  
the  system as shown schemat ical ly  i n  F tg .  2-1. The r e a c t o r  
v e s s e l ,  a s t e e l  pipe whose w a l l s  ac ted  as the  c a t a l y s t  f o r  
the  d i sp ropor t iona t ion  of CO t o  C and C02, was operated a t  
5650C. During the  next s ixceen days, the  CO-C02 mixture from 
the  cathode chambers of the  e l e c t r o l y z e r  flowed through the  
carbon depos i t ion  r e a c t o r  and the  r e s u l t a n t  CO-C02 stream w a s  
vented t o  the  atmosphere. C02 e l e c t r o l y s i s  proceeded f o r  ap- 
proximately 28 days (-670 h r )  before i t  was i n t e r r u p t e d  by a 
furnace f a i l u r e  on the  29th day of operat ion.  The e l e c t r i c a l  
performance d a t a  f o r  the  28-day l i f e  t e s t  i s  presented i n  
Tables 2-1 and 2-2. Very l i t t l e  e l e c t r i c a l  degradation ( i . e . ,  
r i s e  i n  t o t a l  appl ied  vol tage)  occurred over the  per iod of the  
l i f e  t e s t .  A f t e r  c o r r e c t i o n  f o r  the  I R  drop i n  the  lead  wi res ,  
t he  v a r i a t i o n  i n  degradation from c e l l  t o  c e l l  f o r  each of the  
t h r e e  20 cm2 c e l l s  i s  approximately equal .  
Analyses of the  CO-COZ gas stream leaving  t h e  e l e c t r o l y z e r ,  
t he  CO-C02 gas stream leaving  the  r e a c t o r ,  and the  oxygen gas 
stream from the  e l e c t r o l y z e r  anode chambers were made by means 
of  gas chromatography. Al iquots  of the  gas samples obtained 
from the  gas stream by means of a g a s - t i g h t  syr inge were i n -  
j ec t ed  i n t o  the  gas chromatographic apparatus.  
The a n a l y s i s  of the  carbon dioxide gas stream from the  e l e c -  
t r o l y z e r  dur ing the  i n i t i a l  per iod of the  l i f e  t e s t  contained 
about 40 t o  43 volume% carbon monoxide. A t h e o r e t i c a l  y i e l d  
would have r e s u l t e d  i n  carbon monoxide concent ra t ion  of about 
55 volume%. The gas content  of the  oxygen compartment of t h e  
e l e c t r o l y z e r  w a s  found t o  conta in  10 t o  15% carbon dioxide.  
These r e s u l t s  correspond t o  a l eak  rate  of cafoon monoxide and 
carbon dioxide of about 5 ml/min. Under these  experimental 
condi t ions ,  an a n a l y s i s  of the  CO-C02 gas stream leaving  the  
carbon depos i t ion  r e a c t o r  ind ica ted  a carbon monoxide conver- 
s i o n  rate t o  carbon dioxide of  about 25%. A higher  c a t a l y t i c  
e f f i c i e n c y  may be obtained by inc reas ing  t h e  carbon monoxide 
content  of the  feed stream t o  the  r e a c t o r .  Before terminat ion 
of the  l i f e  t e s t ,  the  CO-C02 gas stream leaving the  e l e c t r o l y -  
z e r  contained about 37% CO. The Cog conten t  of the  oxygen w a s  
about 20%. Examination c f  the  r e a c t o r  i n d i c a t e d  packed carbon 
near  the  wa l l  and f l u f f y  carbon near  the  cen te r  of the tube. 
Var ia t ion  i n  carbon appearance may be due t o  v a r i a t i o n  i n  c rys -  
t a l l i n i t y  depending on i t s  i r o n  content  and the  H2 content  i n  
t h e  gas stream a s  discusscd by Walker e t  al .  (Ref. 3).  
Examination of the  12-A e l e c t r o l y z e r  showed leaks  i n  the  body-to- 
body s e a l  region. Leaks were a l s o  found emanating from s e v e r a l  
h a i r l i n e  cracks i n  the  c e l l  body walls. No q u e n t i t a t i v e  a n a l y s i s  
was macie of the  carbon c o l l e c t e d  i n  the  r e a c t o r  dur ing the  l i f e  
t e s t .  

Table 2-1 
ELECTROLYZER PERFORMANCE  DATA^ 
a Electrolyzer at 820'~ 
b ~ o t  corrected for 1R drop in the lead wire resistance 
C~oltage on start-up 
d~urrent interruption 
Test 
Days 
- 
1 
2 
3 
4 
5 
5 
5 
6 
7 
8 
8-9 
9 
10-11 
12 
. 
Current 
(1) 
3.00 
4.00 
4.00 
4.00 
4.00 
d 0-10 ain 
4.00 
4.00 
4.00 
4.00 
0-24 hr d 
4.00 
4.00 
4.00 
+ 
APPLIED  VOLTAGE^ (v) 
Total 
6 . 7 3  
7.23' 
6.68 
6.78 
6.78 
5.64 
5.78 
5.85 
6.01 
ie4ic 
6.03 
Cell 4 
2.06 
2.66 
2e09 
i 
Cell 5 
1.83 
2.35 
1.90 
Cell 6 
2.01 
2.47 
2.12 
Table 2-2 
PERFORMANCE DATA ON 12-A ELECTROLYZER 
INTEGRATED WITH CARBON DEPOSITION  REACTOR^ 
* ~ l e c t r o l ~ z e r  at 87S0c, carbon deposit ion reactor a t  56S0c 
b ~ o t  corrected for  I R  drop i n  the lead w i r e  res i s tance  
'current interruption 
Test 
Days 
12 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 -2 7 
28 
Current 
(1)  
4.00 
0-1 hrc 
4.00 
4.80 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
2 
APPLIED  VOLTAGE^ (V ) 
Cel l  6 
1.93 
2.61 
2.39 
2.54 
2.68 
Total 
5.49 
6.94 
6.39 
6.25 
6.40 
6 . 60 
6.78 
6.88 
. 6.99 
. 
Cell 4 
1.93 
2.14 
1.98 
2.08 
2.07 
Cell 5 
1.70 
2.26 
2.08 
2.06 
2.39 
Sect ion  3 
DESIGN 
3.1 ELECTROLYZER OF ONE-MAN CAPACITY (127 A) 
Based on the  experience of f a b r i c a t i n g  and t e s t i n g  the  12-A 
e l e c i r c l y z e r s  descr ibed i n  the  F i r s t  Annual Zeport ( ~ e f .  1) 
and i n  Sect ion 2 zbove, the  design w a s  mo6ified t o  improve 
ease  of  f a b r i c a t i o n  and opera t ing  performance of modules f o r  
the  one-man u n i t .  The bas ic  design prfnc, iples t h a t  have 
guided t h i s  work remain una l t e red  and can be suu ia r l zed  as 
follows : 
(1)  The ceramic e l e c t r o l y t e  i s  i n  the  form of a d i s k  o r  
p l a t e  f o r  ease  of f a b r i c a t i o n  and e l ec t rode  proces- 
s ing.  
(2)  The e l e c t r o l y t e  i s  a sepa ra te  component from the  
c e l l  body segment and does not  provide s t r u c t u r a l  
support  o t h e r  than f o r  e l ec t rodes .  
(3)  There i s  a c c e s s i b i l i t y  and i n t e r c h a n g e a b i l i t y  of 
anode and cathode su r faces  f o r  the  f a b r i c a t i o n  of 
f l a t ,  porous e l ec t rodes .  
( 4 )  The seals are high-temperature , g a s - t i g h t  , ceramic- 
to-ceramic o r  metal-to-ceramic. 
(5) The c e l l s  are connected i n  s e r i e s  e l e c t r i c a l l y  ob- 
v i a t i n g  high-current  conductors and minimizing heat  
l o s s e s  due t o  conduction. 
( 6 )  Shunt c u r r e n t s  are avoided by proper sepa ra t ion  of 
c e l l  elements i n  m u l t i - c e l l  modules. 
(7) The gas flow t o  the  c e l l s  i s  i n  p a r a l l e l  t o  maintain 
uniform gas composition i n  each c e l l  prevent ing pre-  
f e r e n t i a l  chemical r educ t ion  and e l e c t r o n i c  conduc- 
t i o n  paths  i n  the  e l e c t r o l y t e .  
(8) S t r u c t u r a l  components have compositions which a r e  
e s s e n t i a l l y  unre la t ed  t o  the  composition of the  e l e c -  
t r o l y t e  d i s k s ,  but  which a r e  thermally and mechani- 
c a l l y  compatible:. 
(9 )  Individual  c e l l s  o r  rnulti - c e l l  sub-assemblies can be 
t e s t e d  before f i n a l  assembly. 
(10) The number of c e l l s  can be increased without major 
design changes. 
(11) The s i z e  of c e l l s  can be increased without major de- 
s i gn change s . 
(12) External  area-to-volume r a t i o  i s  con t ro l l ea  t o  reduce 
hea t  losses  v i a  r ad ia t ion ,  
(13) Elec t ro ly te  d i sks  can be modified by composition, 
thickness ,  o r  be replaced by t h i n  supported f i l m s  
without requi r ing  major design modifications. 
The one-man capaci ty  ( 1 2 7 4 )  e l e c t r o l y z e r  c c n s i s t s  of th ree  
modules o f  the  design shown i n  Fig. 3-1. Each module contains  
twelve c e l l s  of 2 3  cm2 a c t i v e  e lec t rode  area arranged as s ix  
sub-modules of two c e l l s  each. This sub-module, c a l l e d  a 
"drum", cons t i t u t e s  the  bas ic  bui ld ing  block of the  e l e c t r o -  
lyzer .  A drum i n  which the e l e c t r o l y t e  d i s k  i s  sea led  t o  the 
body i n  a configurat ion termed a "but t"  s e a l  i s  shown i n  
Fig. 3-2.  
Carbon d! cda i s  fed  t o  the  s o l i d  oxide cel ls  through the  
ceramic i r  nanifold and metal i n l e t  tubula t ions  on each 
drum and t o u t l e t  CO-C02 mixture flows through the  o u t l e t  
metal  tubes and ceramic manifold, Oxygen i s  produced a t  the  
ex t e rna l  e l ec t rodes  of each drum and i s  contained wi th in  the  
ceramic envelope i n  which the  drums a r e  enclosed. The twelve 
c e l l s  of each one-third man module are connected i n  s e r i e s  
e l e c t r i c a l l y  and cperated a t  3.5 A per  c e l l  o r  42 A per module. 
Design parameters f o r  the  one-man e l e c t r o l y z e r  are as follows: 
02 mass output 
two pounds p e r  day 
o r  907 g/day 
Tota l  cu r ren t  127 A 
693 l /day (25O~,  1 atm) o r  
481 ml/min (25O~ ,  1 atm) 
C02 consumed 962 ml/min (25OC, 1 atm) 
CERAMIC TUBE 
CERAMIC 
C E U  BODY 
Fig. 3-1 Electrolyzer  with External 
Manifolds and Envelope 
METAL TUBE 
-1 
ELECTRODE 
METAL TUBE 
ELECTROLYTE DISK 
- 
. -- - - . - p- a ELECTRICAL LEAD - . --- -- . - -- I DRUM BODY . . ELECThfCAL L E Q  
- 
Fig. 3-2 Drum with Butt Seals 
Design conversion 
of CO* 
Gas flow r a t e s  a t  
25OC, 1 atm a r e  
C02  inflow 
CO outflow 
C02 outflow 
02 out£ low 
Design operat ing 
temperature 
Gas flow r a t e s  a t  
850°c, 1 a t m  a r e  
C02 inflow 
CO outflow 
C02 outflow 
02 outflow 
0.5 t o  0.9 ( i . e . ,  50 t o  
90% CO i n  cathode e x i t  gas)  
E lec t ro ly te  d i sk  6.3 cm diameter 
Electrode a r ea  per  d i sk  20 cm2 
Current dens i ty  1 7 5 mA/ CLI.- 
Amperes per d i sk  3.5 A 
Number of d i sks  36 
Theore t ica l  power -127 w a t t s  
Design ebec* .rolysis 
power e f f i c i ency  
Design e l e c t r o l y s i s  power 190 t o  250 watts 
Design current  e f f i c i ency  -1 
Estimated mass of e l ec t ro lyze r  
and gas manifold tubes 2.3 t o  5.5 kg 
Disk composition scandia-s tab i l ized  z i rcon ia  
Composition of 
o t h e r  ceramic p a r t s  
Electrode m a t e r i a l  
E lec t ro ly te  th ickness  
Radius of gas tube bends 
Gas tube o.d. 
Gas tube i . d .  
Gas tube length  
Manifold i .d.  x w a l l  
alumina and z i r c o n i a  
platinum 
0.15 - + 0.07 cm 
0.45 cm 
0.18 cm 
0.10 cm 
2.54 cm 
0.63 cm x 0.15 cm 
3 . 2  APPLICATION TO LARGER UNITS 
Sol id  oxide e l e c t r o l y t e  a n i t s  employing two-cell  drums need 
not  fol low the  e.:act design discussed above f o r  ttre one-man 
u n i t .  A number of v a r i a t i o n s  a r e  p o s ~ i b l e  which might be 
advantageous f o r  f u t u r e  work wi th  u n i t s  l a r g e r  than one-man 
capaci ty .  Several  such modif icat ions  a r e  presented here as 
examples of t h e  f l e x i b i l i t y  of design which tI:< qrum permits.  
Fig. 3-3 shows a n  e l e c t r o l y z e r  c o n s i s t i n g  of  a s t a c k  of drums 
wi th  four  gas manlZo1.d~. ThPs design does not  r equ i re  an  en- 
velope and it i s  symmetrical wi th  r e s p e c t  t o  the  cathode and 
anode gas chambers. These p r o p e r t i e s  might have advantages 
i n  some app l i ca t ions .  
If t h e  drums were operated wi th  the  i n s i d e  as the  oxygen cham- 
be r ,  only one gas tube per  drum, r a t h e r  tl-n two, woul-d be r e -  
quired.  A design such as t h a t  shown i n  Fig. 3-4 would then he 
poss ib le .  It would be d e s i r a b l e  t o  in t roduce the  enter l i lg  GO2 
under s u f f i c i e n t l y  tu rbu len t  flow condi t ions  t o  prevent  starv- 
i n g  the  cathodes. A gas sparging system (not  shown i n  the  f i g -  
u r e )  and high packing dens i ty  of drums i n  t h e  envelope would 
he lp  i n  c r e a t i n g  t h i s  flow condit ion.  
Fig. 3-5 shcds a f u r t h e r  design modif icat ion i n  which some of 
the  drums wi th  the  oxygen chambers on the i n s i d e  a r e  connected 
toge ther  s impl i fy ing  the  oxygen o u t l e t  manifold. In t roduct ion  
oC t h e  C02 t o  the  cathodes and removal of  the  CO wculd present  
the  same problem a s  mentioned above. 
02 OUT 
co/co7 OUT P 
/ 
C 
CERAMIC BOTTOM 
Fig. 3-3 Electrolyzer with Four Gas Manifolds 
14 
CAP 
CATHODES 
Fig. 3-4 Electrolyzer Using Drums with Internal Oxygen Chambers 
CHAMBER 
CATHODE 
Fig. 3 -5 Electrolyzer with Interconnected Drums 
I n  the six-drum, twelve-cel l  modules f o r  the  one-man u n i t ,  
equa l i t y  of gas flow through the cathode chambers depends 
upon the small metal tubes a l l  having the  same in s ide  d i a -  
meters,  lengths ,  and being f r ee  of burrs  o r  o the r  obstruc-  
t ions .  Great care  i s  exercised during the f ab r i ca t i on  s t eps  
t o  insure  t h a t  these condit ions a r e  m e t .  I n  l a rge r  modules 
i n  the fu tu r e ,  however, i t  would be more convenfent t o  be 
ab l e  t o  add o r  remove drums and t o  s e t  the  gas flow through 
each drum ind iv idua l ly  by means o the r  than r e l i ance  on the 
gas channels being i d e n t i c a l  t o  hi&' prec is icn .  These a i m s  
could be achieved by s u b s t i t u t i n g  to rch  brazing a t  room tem- 
pera ture  f o r  the  furnace brazing s t e p  now used f o r  f i n a l  
assembly of an e l e c t r o l y s i s  module. Any of the  e l ec t ro lyze r  
designs based on drums discussed here o r  i n  e a r l i e r  r e p o r t s  
could be assembled by to rch  brazing us ing  s m a l l  metal f i t -  
t i n g s  of the  types shown i n  Fig. 3-6. These p a r t s  a r e  essen- 
t i a l l y  s m a l l  vers ions  of conventional plumbing f i t t i n g s .  Ad- 
justment of gas flow could be done by crimping the  tube s l i g h t l y  
while measuring the  flow rate o r  by us ing  special ly-designed f i t -  
t i n g s  to rch  brazed between the drum tubula t ions  and the  manifolds. 
BRAZED COUPLING 
t 
t BRAZED REDUCER 1- 
1 
BRAZED TEE 
Fig. 3-6 Brazed Tube Fittings 
Sect ion 4 
HIGH-TEMPERATURE CERAMIC SEALS 
4.1 PROCEDURE 
Fabr ica t ion  of drums, t h e i r  assembly t o  make e l e c t r o l y s i s  mo- 
du les  of the  design presented i n  the  preceding s e c t i o n ,  and 
t h e i r  opera t ion  r equ i res  the use of ceramic-to-ceramic and 
ceramic-to-metal s e a l i n g  methods capable of producing s e a l s  
t h a t  remain gas - t igh t  a t  8 5 0 ' ~  under both oxid iz ing  and r e -  
ducing condi t ions  f o r  prolonged per iods .  The s e a l i n g  proce- 
dure used dur ing the  f i r s t  year  of t h i s  con t rac t  ( ~ e f .  1) w a s  
developed f u r t h e r  t o  meet these  requirements.  The only s e a l -  
i n g  geometry t h a t  presented a s e r i o u s  problem w a s  the  s e a l  a t  
the  per iphery of  the  6.3 cm diameter e l e c t r o l y t e  d i s k  and a 
s e r i e s  of s e a l i n g  experiments involving v a r i a t i o n s  i n  the  
b a s i c  s e a l i n g  procedure w a s  necessary t o  solve t h i s  problem. 
The bas ic  s e a l i n g  procedure can be descr ibed as follows:  
Fabr ica t ion  of Components - Although not  s t r i c t l y  a p a r t  
of  the  s e a l i n g  procedure, the  processes used i n  making 
- - 
t h e  p a r t s  t o  be sea led  s i g n i f i c a n t l y  a f f e c t  the  s e a l s  
subsequently made wi th  them. For example, processes  i n -  
volving high temperature and pressure  dur ing f a b r i c a t i o n  
of  the  ceramics themselves determine the  d e n s i t y ,  g r a i n  
s i z e ,  degree of homogeneity, and chemical composition. 
These f a c t o r s  w i l l  in f luence  the  su r face  f i n i s h  obtained 
dur ing  later machining and po l i sh ing  s t e p s  and w i l l  a f -  
f e c t  the  adhesion of the  m e t a l l i z a t i o n  appl ied  as p a r t  
o f  the  s e a l .  Machining and abras ive  gr inding  a f f e c t s  the  
s e a l ,  a d d i t i o n a l l y ,  by determining the  p rec i s ion  t o  which 
t h e  p a r t s  f i t  t oge the r  and the  evenness of  the  mating sur- 
faces .  For these  reasons ,  a n  experimental  approach t o  i m -  
proving the  seals cannot ignore the  ceramic processing and 
machining opera t ions  used t o  make the  components. 
Abrasive Polishinp; - The su r faces  t o  be s e a l e d  toge ther  
a r e  ground and pol ished t o  improve mechanical f i t  and t o  
prepare them f o r  meta l l iz ing .  Bonded diamond t o o l s ,  d i a -  
mond p a s t e s ,  and s i l i c o n  carbide papers are used. Washing 
o r  so lvent  c leaning,  depending on the  abras ive  system, i s  
used t o  remove d i r t  r e s u l t i n g  from the  po l i sh ing  s teps .  
Masking - Areas t h a t  a r e  not  intended t o  be meta l l ized  
a r e  masked with  p l a t e r ' s  tape o r  s top-off  lacquer.  
Cleaning - The p a r t s  a r e  cleaned i n  non-abrasive a lka -  
l i n e  c leaning so lu t ions .  
S e n s i t i z i n g  - The unmasked su r faces  a r e  prepared f o r  e  l e c -  
t r o p l a t i n g  by depos i t ing  a very t h i n  precious  metal f i lm  
by chemical reduction.  Both platinum and palladium have 
been used. Sodium borohydride and hydrazine have been 
used a s  the  reducing agents.  
Electroplat inp;  - The s e n s i t i z e d  a r e a s  a r e  e l e c t r o p l a t e d  wi th  
platinum t o  prepare them f o r  the  brazing operat ion.  Deposit 
th icknesses  i n  the  range 2 t o  30 microns (0.08 t o  1.2 m i l s )  
have been used. 
Brazing - The meta l l ized  su r faces  are joined by furnace 
brazing wi th  precious  metals  o r  precious  metal  a l l o y s  
mel t ing above t h e  opera t ing  temperature of the  e l e c t r o -  
lyzer .  Several  furnace brazing opezations are necessary 
dur ing  assembly of an  e l e c t r o l y s i s  module, t he  number 
depending upon the  design of the  module. 
4.2 SEALING EXPERIMENTS 
4.2.1 Disk-to-Body Sea ls  
Seventy-eight drums us ing  6.3 cm diameter  e l e c t r o l y t e  d i sks  
were made by the  general  s e a l i n g  procedure o u t l i n e d  i n  sub- 
s e c t i o n  4.1 above us ing  e i t h e r  gold o r  1 1 5 0 ~ ~  gold-palladium 
- - a l l o y  braze. The f i r s t  t h i r t y  drums can be considered as pre-  
l iminary experiments s ince  most of them had n e i t h e r  e l e c t r o d e s ,  
e l e c t r i c a l  l eads ,  nor one of  the  two gas tubula t ions  and were 
made s o l e l y  t o  develop the  disk-to-body s e a l i n g  technique. 
The o t h e r  fo r ty -e igh t  drums were made a f t e r  s i g n i f i c a n t  i m -  
provement i n  performance of the  s e a l s  had been obtained dur- 
i n g  the  prel iminary experiments. These drums had e l e c t r o d e s ,  
e l e c t r i c a l  l eads ,  and gas tubu la t ions  and they were considered 
as p o t e n t i a l  components of  the  one-man upit. The drums ac tu -  
a l l y  used i n  the  one-man u n i t  were s e l e c t e d  from t h i s  set. I t  
i s  convenient t o  d i scuss  s e p a r a t e l y  t h e  prel iminary s e r i e s  of  
f o r t y - e i g h t  drums which, al though experimental ,  were made t o  
be p o t e n t i a l  e l e c t r o l y z e r  components. 
Prel iminary Experiments Although the  bas ic  s e a l i n g  procedure 
descr ibed i n  the  preceding sub-sect ion was used t o  f a b r i c a t e  
these drums, there  were many v a r i a t i o n s  bztween individual  
runs a s  a r e s u l t  of the following fac to rs :  
(1) In ten t iona l  va r ia t ions  were made i n  an e f f o r t  t o  
improve the sea ls .  
( 2 )  Unintentional va r ia t ions  undoubtedly occurred a s  a 
r e s u l t  of a lack of understanding, a t  t h a t  s tage of 
the program, of the r e l a t i v e  importance of a l l  of 
the  many parameters involved. 
(3) There were unavoidable va r i a t i ons  i n  the raw mate- 
r ia ls ,  such as chefi~icals,  ceramic p a r t s ,  metals,  and 
tool ing.  Every e f f o r t  w a s  made t o  control  f ac to r s  
thought t o  be of primary importance t o  s e a l  q u a l i t y ,  
but unknow.1 important f ac to r s  mignt have been 
neglected. 
( 4 )  Variations occurred over time as a r e s u l t  of experi-  
ence with the process,  wear of tool ing ,  and cumula- 
t i v e  changes i n  the  chemical composttion of p l a t i ng  
baths and o ther  solut ions.  
These t h i r t y  drum exper:-ments can be grouped i n t o  three ca te-  
gories  according t o  the extent  of i n t en t iona l  modifications 
i n  the s ea l ing  procedure. The se l ec t i on  of the three  groups 
depends on increased sea l ing  experience with time and f o r  t h i s  
reason the groups a r e  e s s e n t i a l l y  chronological. The three  
groups can be described as follows: 
Group 1 - This group contains a l l  gold and gold-palladium 
a l l o y  6.3 cm diameter d i s k  s e a l s  through drum number F-84. 
A l l  of these drums contained b u t t  s e a l s  (see Fig. 3-2 
above). No p a r t i c u l a r  a t t e n t i o n  was given t o  the  grind- 
ing  and pol ishing s t eps ,  a l l  were heavily palladium sen- 
s i t i z e d ,  and the furnace brazing procedure w a s  r e l a t i v e l y  
unstandardized a t  t h a t  t i m e .  Most of these drums v-ere 
made before the t e s t i n g  method now i n  use Lrad been adopted 
but they were leaky i n  the  soap so lu t ion  t e s t  and would 
therefore d e f i n i t e l y  f a i l  t o  meet the  c r i t e r i a  of the 
present test. The present  % t / ~ p  t e s t "  i s  discussed i n  
Section 7 below. 
Group 2 - This group contains a l l  gold s e a l s  t o  6.3 cm 
- 
diameter d isks  a f t e r  F-84 through F-111. No a l l o y  seals 
were made during t h i s  period. Some a t t e n t i o n  w a s  given 
t o  modifying and c o n t r o l l i n g  the  gr inding and pol i sh ing  
s t eps .  A l l  were l i g h t l y  palladium s e n s i t i z e d .  The pres-  
e n t  ~ t / ~ p  t e s t  procedure w a s  used t o  leak  t e s t  a l l  of 
these  drums. One drum was of a d i f f e r e n t  s e a l i n g  config-  
u r a t i o n ,  termed a 'TvalveTT s e a l ,  shown i n  Fig. 4-1. 
Group 3 - This group contains  a l l  gold s e a l s  t o  6 . 3  cm 
diameter d i s k s  a f t e r  F-111 through F-122. No a l l o y  s e a l s  
were made dur ing the  period. Var ia t ions  were made i n  the  
gr inding  and po l i sh ing  s t eps .  . A l l  were l i g h t l y  platinum 
sens i t i zed .  The present  ~ t / ~ p  t e s t  procedure was used t o  
l eak  t e s t  a l l  of these  drums. Two drums dere made wi th  
valve s e a l s .  
The r e s u l t s  of the  s e a l i n g  runs a r e  summarized i n  Table 4-1. 
The d a t a  i n  the  t a b l e  i l l u s t r a t e  t h a t  the  modif icat ions  t h a t  
were made dur ing these  s e a l i n g  experiments improved the  qua- 
l i t y  of the  s e a l s  as determined by meeting t!!e two-minute 
h t l h p  t e s t  c r i t e r i o n  a f t e r  one thermocycle. The t e s t  and 
thermocycle procedures a r e  descr ibed i n  Sect ion 7 below. 
Since the  disk-to-body s e a l s  have t o  undergo more than one 
thermocycle i n  the  course of assembling and opera t ing  e l e c t r o -  
l y s i s  modules, s e v e r a l  dms were thermocycled more than once 
and r e - t e s t e d .  These d a t a  are shown i n  Table 4-2. The f i r s t  
two thermocycles of F-88 were not  programmed as descr ibed be- 
low i n  Sect ion 7 and t h i s  f a c t  makes comparison wi th  the  o t h e r  
runs  d i f f i c u l t .  The o t h e r  four  mul t ip l e  thermocycle runs i n d i -  
c a t e  the  degradation on the  second and t h i r d  thennocycles i s  
l e s s  severe than on the  f i r s t  thermocycle. The 850°c runs  were 
made before the  present  thennocycle temperature of 1000°C was 
adopted, but  the re  seems t o  be no obvious d i f f e rence  between 
t h e  e f f e c t s  of  these  two temperatures.  
The improvements i n  both the  q u a l i t y  of s e a l s  and percentage 
of s e a l s  meeting the  two-minute c r i t e r i o n  t h a t  r e s u l t e d  from 
the  s e a l i n g  experiments discussed above were judged t o  be su f -  
f i c i e n t  t o  proceed t o  multi-drum t e s t  e l e c t r o l y z e r s .  These 
u n i t s  were not  intended t o  be modules of the  one-man e l e c t r o -  
lyze r  but were b u i l t  p r imar i ly  t o  determine the  s ign i f i cance  
of the  two-minute t e s t  c r i t e r i o n  i n  terms of performance under 
a c t u a l  high-temperature opera t ing  condi t ions  and t o  provide 
o t h e r  opera t ing  d a t a  necessary t o  the  design of the  one-man 
u n i t .  The two drums of u n i t  2-7, d ~ m s  F-118 and F-119, j u s t  
met the  two-minute c r i t e r i o n  and the  C 0 2  concentra t ion of the  
opera t ing  u n i t  was -5%, as discussed i n  Sect ion 8 below. Since 
the  o t h e r  drums of Table 4-2 were b e t t e r  than t h e s e ,  less C 0 2  
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\ BRAZE FILLET - 
Fig. 4-1 D r u m  with Valve Seal 
T
ab
le
 4
-1
 
DR
UM
S 
PA
SS
IN
G
 T
H
E 
TW
O-
M
IN
UT
E 
TE
ST
 O
N 
FI
R
ST
 T
H
ER
M
OC
YC
LE
 
N
ot
es
 
C
at
eg
or
y 
GR
OU
P 
1
 - 
H
e,
. iv
y 
Pd
 ,
 
A
u,
 
a
n
d 
A
u-
Pd
 
B
ra
ze
 
GR
OU
P 
2 
-
 
M
ul
ti
-S
te
p 
P
o
li
sh
in
g
, 
L
ig
ht
 P
d,
 
A
u 
B
ra
ze
 
G
R
O
W
 3
 -
 
M
ul
ti
-S
te
p 
P
o
li
sh
in
g
, 
L
ig
ht
 P
t,
 
A
u 
B
ra
ze
 
(a
) 
D
ru
m
 F
-6
4 
w
a
s
 m
ad
e 
be
fo
re
 t
h
e 
p
re
se
n
t 
te
s
t 
w
a
s
 d
ev
is
ed
, 
bu
t 
it
s
 b
eh
av
io
r 
o
n
 
o
th
er
 s
im
il
ar
 t
e
s
ti
n
g
 l
ea
ds
 t
o
 t
he
 c
o
n
c
lu
si
on
 t
h
at
 i
t 
pr
ob
ab
ly
 w
o
u
ld
 
ha
ve
 m
e
t 
th
e 
tw
o
-m
in
ut
e 
c
r
it
er
io
n
. 
(b
) 
D
ru
m
s 
pa
ss
in
g 
th
e 
te
s
t 
a
re
 
in
di
ca
te
d 
by
 u
n
de
rl
in
in
g.
 
(c
) 
S
up
er
sc
ri
pt
 v
 
de
no
te
s 
v
a
lv
e 
s
e
a
l.
 
-
 
D
ru
m
 N
um
be
rs
 
A
u:
 
F-
50
, 
78
, 
87
, 
-
 
88
, 
-
 
96
 
A
u-
Pd
: 
F
-6
3,
 
64
, 
67
, 
68
, 
69
, 
72
, 
74
, 
81
, 
8
z
8
3
, 
84
 
F-
97
, 
98
, 
10
0 
10
2,
 
-
 
4
 
lo
r 1
09
, 
11
1 
-
 
F
-
1
1
 1
15
, 
1
1
7
~
, 1
18
 
-
9 
-
 
11
9,
 1
20
, 
(1-1
 
(d
) 
D
ru
m
 F
-1
2z
V
 w
a
s
 
n
o
t 
th
er
m
oc
yc
le
d 
by
 
th
e 
r
e
g
u
la
r 
pr
oc
ed
ur
e 
bu
t 
w
a
s
 h
ea
te
d 
a
n
d 
c
o
o
le
d 
r
a
p
id
ly
 c
a
u
s
in
g 
it
 t
o
 b
ec
om
e 
le
ak
y 
a
n
d 
it
 h
as
 b
ee
n 
e
x
c
lu
de
d 
fr
om
 t
he
 c
a
lc
u
la
ti
o
n
s.
 
T
o
ta
l 
16
 7 6 
N
um
be
r 
P
as
si
ng
 
T
e
st
 
3 4 5 
% 19
 
57
 
83
 
1
 

would be expected i n  the  oxygen produced by high-temperature 
e l e c t r o l y t i c  opera t ion  of these  druns. A-cordingly, i n  the  
next s e r i e s  of drums, the  e l e c t r o d e s ,  e l e c t r i c a l .  l eads ,  and 
gas tubula t ions  were sea led  i n  t o  permit successfu l  drums t o  
be operated a s  components of e l e c t r c l y z e r s .  
P o t e n t i a l  Components of E l e c t r o l y s i s  Units  For ty-eighi  tvo- 
c e l l  drums c m p l e t e  wi th  e l e c t r o d e s ,  e l e c t r i c a l  l eads ,  and 
gas tubes were f a b r i c a t e d  and t e s t ed .  Each of the  drums w a s  
c a r e f u l l y  made us ing  j i g s  t o  insu re  t h a t  they would be mu- 
t u a l l y  interchangeable i n  e l e c t r i c a l  o r  gas manifold connec- 
t ions .  During the  course of f a b r i c a t i n g  these  drums, many 
procedural  modif icat ions  were made i n  order  t o  f u r t h e r  develop 
the  techniques involved. 
Three s e a l i n g  conf igura t ions  were used i n  the drums intended 
a s  p o t e n t i a l  conponents of the  one-man u n i t .  These included 
the  b u t t  and vaive seals descr ibed previously  and a configu- 
r a t i o n  termed an "edge" s e a l  shown i n  Fig. 4-2. I n  an  edge 
s e a l ,  only the  edge of the d i s k  and the  contiguous v e r t i c a l  
a r e a  of the  body a r e  me ta l l i zed  and brazed. This geometry i s  
e s s e n t i a l l y  a v a r i a n t  of the  valve seal wi th  a ninety-degree 
angle.  D r u m s  made wi th  a l l  t h r e e  s e a l i n g  conf igura t ions  em- 
ployed scand ia - s t ab i l i zed  z i r c o n i a  e l e c t r o l y t e  d i s k s ,  having 
e l ec t rodes  20 cm2 i n  a r e a ,  sea led  t o  t h e  z i r c o n i a  bodies wi th  
pure gold. D r u m s  were leak-checked a t  room temperature by the  
"bt/bp t e s t . "  A t  i s  the  time f o r  the  gauge pressure ,  dp, t o  
drop from 6 t o  5 inches of water i n s i d e  t h e  drum (see Sec t ion  7) .  
The r e s u l t s  of  the  bt /bp test f o r  the  drums wi th  b u t t  seals 
are summarized i n  Table 4 - 3 .  Thir teen  of  t h e  e ighteen  b u t t -  
sea led  drums met the  two-minute t e s t  c r i t e r i o n .  
Table 4-4  shows the  r e s u l t s  of the  four  valve seal runs  t h a t  
were made. The y i e l d  of acceptable  d-rums and the  f a b r i c a t i o n  
d i f f i c u l t i e s  were such t h a t  t h i s  geometry w a s  not pursued 
f u r t h e r .  
The edge seal runs  are summarized i n  Table 4-5. The middle 
column of the  t a b l e  gives  the  d i f f e rence  i n  r a d i i  f o r  each 
e i e c t r o l y t e  d i s k  betweec the  edge of the  d i s k  and the  con t i -  
guous v e r t i c a l  w a l l  o r  the  body a f t e r  machining but  p r i o r  t o  
the  s e a l i n g  operat ions .  P lac ing  the  gold brazing wire i n t o  
o r  a d j a c e i ~ t  t o  t h i s  gap w a s  o r i g i n a l l y  a problem and probably 
cont r ibu ted  t o  the  i n i t i a l  f a i l u r e  of the  f i r s t  two s e a l i n g  
a t tempts  (runs F-150 and F-154) having the  edge seal configu- 
r a t i o n s .  Fur ther  experi2nce wi th  t h i s  geometry has l ed  t o  che 
successfu l  edbd s e a l s  given i n  Table 4-5. In  genera l ,  t h i c k e r  
METAL TUBE 
METAL TUBE 
ELECTRODE 
CERAMIC BODY 
/- 
.dE TALL1 ZING 
----- - 
BRAZE FILLET 
~ig. 4-2 D m  with Edge Seals 
2 7  
Table 4-3 
DRUMS WITH BUTT SEALS 
a 42 min f o r  118 inch. 
I 
b 33 min f o r  112 inch, 
C Both e l e c t r i c a l  lead  seals leaked and these leaks 
were closed with  lacquer f o r  the dt/Ap t e s t  of the  
disk-to-body seals. 
. 
D r u m  
F-134 
F-135 
F-136 
F-137 
F-I38 
F-139 
F-144 
F-145 
F-I46 
F-147 
F-148 
F-149 
F-159 
F-160 
F-161 
F-164 
F-165 
F-166 
d 19 min £01- 2/3 inch. 
Disk Thicknesses 
( inch)  
0.050 0.053 
0.050 0.053 
0.051 0.050 
0.055 0.050 
0.055 0.047 
0.045 0.055 
0.055 0.059 
0.060 0.055 
0.055 0.055 
0.059 0.056 
0.055 0.059 
0,060 0.055 
0.055 0.055 
0.055 0.055 
0.055 0.055 
0.055 0.055 
0.055 0,054 
0.054 0.055 
A t l b p  TEST 
Seal  -up 
9.9 
15 
336a 
la rge  
leak 
1 7  
35 
660 
18 
40 
21 
20C 
28.5d 
15.4 
6.9 
27 
29 
2 6 
32 
(MINUTES) 
Thermocyc l e  
A 
l a rge  leak 
1 2 
11.4 
- 
3.3 
30 
3.7 
4.4 
4.7 
la rge  leak 
4,gc 
2.1 
10.7 
4.3 
7.3 
10.3 
1.9 
13.4 
Table 4-4 
DRUMS WITH VALVE SEALS 
a ~ r u m  tipped i n  seal ing  furnace and fa i l ed .  
Drum 
F-141 
F-142 
F-143 
F-153 
C 
tube seal leaked and t h i s  leak w a s  closed with 
lacquer for the b t / ~ p  test. 
 he leaky tube s e a l  w a s  resealed with 1 0 0 0 ° ~  Au-Ag 
a l loy .  
Disk Thicknesses 
(inch) 
0.075 0.085 
0.077 0.075 
0.075 0.075 
0.080 0.075 
~ t / ~ p  TEST (MINUTES) 
Seal-up 
10 
a 
6. lb 
6.8 
Thermocyc l e  
large leak 
- 
O . z C  
2.5 
Table 4-5 
DRUMS WITH EDGE SEALS 
a ~ e s e a l e d  wi th  1 0 0 0 ~ ~  Au-Ag a l l oy .  
b ~ t t e m p t e d  r e - s e a l  wi th  1 0 0 0 ° ~  Au-Ag a l l o y  f a i l e d ,  drum cu t  
a p a r t  f o r  examination. 
i 
D r u m  
F-150 
F-154 
F-156 
F-162 
F-163 
F-167 
F-168 
F-171 
F-172 
F-173 
F-174 
F-175 
F-176 
F-177 
F-178 
F-179 
F-181 
F-182 
F-183 
F-184 
F-185 
F-186 
F-188 
F-183 
F-190 
F-191 
'48 rnin f o r  1 / 2  inch. 
d 3 ~  rnin f o r  3 /16  inch. 
Disk Thicknesses 
( inch)  
0.061. 0.079 
0.100 0.100 
0.075 0.075 
0.080 0.080 
0.090 0.089 
0.080 0.078 
0.069 0.067 
0.075 0.073 
0.0808 0.0808 
0.0808 0.0808 
0.0808 0.0808 
0.060 0.060 
0.061 0.061 
0.059. 0.059 
0.091' 0.0871 
0 . 0 7 8 ~  0.082; 
0.071k 0.074 
0.066 0.066 
0.060 0.060 
0.066 0.066 
0.058 0.065 
0.060 0.057 
0.085 0.085 
0.076 0.078 
0.084 0.084 
0.084 0.084 
e ~ n e  e l e c t r i c a l  lead  s e a l  had a l a rge  leak. 
'Leaky e l e c t r i c a l  l ead  r e sea l ed  w i th  Au. 
g sea l i ng  edge th ickness  w a s  0.080 inch ,  th ickness  of e lec t roded  
a r e a  was mi l l ed  t o  0.045 inch. 
h ~ e s e a l e d  w i  t h  Au. 
i ~ h i c k u e s s  of e l e c ~ ~ o d e \ l  a r ea  was mi l l ed  t o  0.047 inch.  
Gaps 
( inch)  
C.001 0.003 
0.001 0.001 
0.001 0.001 
0.002 0.005 
0.001 0.0015 
0.0015 0.0035 
0.001 0.001 
0.001 0.002 
0.002 0.002 
0.002 0.002 
0.002 0.002 
0.002 0.007 
0.003 0.003 
0.004 0.005 
0.0025 0.002 
0.002 0.002 
0.002 0.002 
0.002 0.0015 
0.001 0.0005 
0.002 0.002 
0.0015 0.0015 
0.0005 0.001 
0.0025 0.002 
0.002 0.002 
0.0025 0.004 
0.004 0.004 
j ~ h i c k n e s s  of e l e c t r ~ l e d  area. w a s  mi l l ed  t o  0.045 inch. 
k ~ h i c k n e s s  of e l ec t rod t  d a r ea  was mi l l ed  t o  0.046 inch. 
30 
A t / ~ p  TEST 
Seal-up 
l a rge  l e ak  
l a rge  l eak  
11.4 
32 
96C 
22.5 
2.5 
e 
6.7 
23.7 
4.5 
11.3 
16 
l a r g e  l e ak  
10.7 
11.9 
31 
52 
95 
31  
12 
1 1- 
88 
23 
60 
44 
(MINUTES) 
Thermocycle 
3 9a b 
7.9 
2.5 
160d 
20.4 
2.5 
1 3 . 6 ~  
6.0 
16.4 
4.6 
9.9 
21.6 
7 . 0 ~  
11.7 
13.1 
31 
>I00 
100 
26 
11.3 
9.1 
57 
64 
98 
114 
d i s k s  were used f o r  edge s e a l s  than f o r  b u t t  s e a l s  t o  maxi- 
mize the s e a l i n g  area .  Drums F-1-72, F-173, F-174, F-178, 
F-179, and F-181 were made us ing  d i s k s  having r e l a t i v e l y  
t h i c k  edges but th inne r  mil led-out  e lec t roded  areas .  The 
d a t a  of Table 4-5 i n d i c a t e ,  however, t h a t  e l e c t r o l y t e  t h i c k -  
nesses of the  same order  as were used f o r  b u t t  s e a l s  can be 
used success fu l ly  i n  the  edge s e a l  conf igurat ion.  A t o t a l  of 
twenty-six edge-sealed drums were made, of which a l l  except  
one met the  two-minute c r i t e r i o n  of the  ~ t / ~ p  t e s t .  
I n  a d d i t i o n  t o  the  ~ t / b p  t e s t ,  an  e l e c t r i c a l  r e s i s t a n c e  t e s t  
was made on each of the  drums l i s t e d  i n  Tables 4-3, 4-4, and 
4-5. These t e s t s  ind ica ted  t h a t  the  metal  p a r t s ,  i . e . ,  e l e c -  
t rodes ,  s e a l s ,  and tubes ,  were e l e c t r i c a l l y  i s o l a t e d  f o r  a l l  
drums except  F-156, F-162, and F-163, i n  each of which the  
i n n e r  e l ec t rodes  of the  two c e l l s  were e l e c t r i c a l l y  connected. 
The explanat ion f o r  t h i s  i s  bel ieved t o  l i e  i n  the  use of 
e l e c t r o p l a t e d  metal  t a b s  on both the  d i s k s  and bodies dur ing 
the  fabrice. t%on s t e p s  of edge-sealed drums t o  allow e l e c t r o -  
p l a t i n g  of the  edges of the  d i s k s  and the  holes  f o r  the  gas 
tubes  and e l e c t r i c a l  l eads  i n  the  bodies. These t abs  were 
intended t o  be ab ras ive ly  buffed o f f  a f t e r  p l a t i n g .  I n  drums 
F-150 through F-168 the  t a b s  on the  d i s k s  were on the  s i d e s  
of  the  d i sks  exposed t o  the  i n s i d e s  of  the  drums. The unin- 
t e n t i o n a l  e l e c t r i c a l  connections found i n  drums F-156, F-162, 
and F-163 a r e  a sc r ibed  t o  the  c lose  proximity of t h e  impro- 
p e r l y  removed t a b s  and e i t h e r  t h e  e l e c t r o d e  lead  wires o r  
v e s t i g e s  of t a b s  on t h e  drum bodies. Conducting metal  t a b s  
not s u f f i c i e n t l y  buffed away could act  as paths  f o r  brazing 
metal t o  cause un in ten t iona l  e l e c t r i c a l  connections. I n  
drum F-171 and subsequent drums, ca re  w a s  taken t o  have the  
t a b s  on the  ou t s ide ,  r a t h e r  than t h e  i n s i d e ,  and t o  insu re  
t h a t  e l e c t r i c a l l y  conducting pa ths  of t h i s  k ind were absent .  
The drum runs  us ing  b u t t ,  va lve ,  and edge s e a l s  a r e  summarized 
i n  Table 4-6. I n  view of the  t r end  of the  d a t a  and the  i m -  
provement of our a b i l i t y  t o  machine the  d i s k s  and bodies t o  
high p rec i s ion ,  concent ra t ion  was placed on drums having the  
edge s e a l i n g  conf igura t ion  as the  most promising p o t e n t i a l  
components f o r  the  one -man u n i t  , although the  acceptable  b u t t  - 
sea led  drums on hand were used i n  the  asseinbly of m u l t i - c e l l  
t e s t  u n i t s  and one twelve-cel l  module. 
Var ia t ions  i n  Size  Inasmuch as s e a l s  i n  the  druws discussed 
above range i n  s i z e  from 0.1 cm diameter  ( f o r  the  e l e c t r i c a l  
l eads )  t o  6.3 cm diameter ( f o r  the  disk-to-body s e a l s ) ,  the  
questi0.l of the  e f f e c t  of s i z e  on seal q u a l i t y  and r e l i a b i l i t y  
Table 4 - 6  
SUMMARY OF DRUM RUNS 
Type 
Number 
Passing 
Test Total 
+ 
% 
72 
. r 
I , , 
Butt 
Valve 
18 13 
4  
Edge 
TOTAL 
t 
26 
48 
25 
39 
96 
arose .  The s e a l s  contained i n  the 6.3 cm diameter drums do 
n o t ,  of themselves, answer t h i s  ques t ion  because they a r e  of 
d i f f e r e n t  types ,  namely, e l e c t r i c a l  l eads ,  tube,and d isk- to-  
body. Accordingly, nine experiments employing disk-to-body 
s e a l s  of two s i z e s  smal ler  than 6.3 cm were conducted. S ix  
experiments used 4.4 cm diameter d i s k s  and drums; th ree  ex- 
periments were done wi th  1.9 cm diameter  d i sks  and drums. 
The runs a r e  sununarized i n  Tables 4-7 and 4-8. 
The conclusions drawn from these  nine experiments a s  compared 
t o  the  6.3 cm diameter  r e s u l t s  a r e  t h a t  t h e r e  i s  no s i g n i f i -  
can t  d i f f e rence  between the  6.3 and 4.4 cm diameter s e a l s  hut  
t h a t  the re  i s  a s i g n i f i c a n t  improvement i n  seal q u a l i t y  a t  
1.9 cm diameter.  I t  should be - .oted,  however, t h a t  the  ~ t / ~ p  
t e s t  r e s u l t s  f o r  the  b e s t  6.3 cn drums exceeded those f o r  any 
of the  th ree  1.9 cm drums. There, t h e r e f o r e ,  appeared t o  be 
no incent ive  t o  reduce the  s i z e  of t h e  d i s k s  i n  the  one-man 
u n i t  t o  -4.4 cm diameter.  I t  was f u r t h e r  concluded t h a t  -1.9 
cm diameter  c e l l s  (e lec t rode  a r e a  of approximately 2 cm2) would 
c r e a t e  an  i t e r a t i o n  problem ( i n  making the  very l a rge  number of 
c e l l s  and of e l e c t r i c a l  and gas in te rconnec t ions  t h a t  would be 
r equ i red )  t h a t  would g r e a t l y  exceed the  problems involved i n  
us ing  6.3 cm diameter drums. For example, i n s t e a d  of the  
e igh teen  two-cell  drums of 6.3 cm d i s k s  discussed i n  sub-sec- 
t i o n  3.1 above, a one-man u n i t  us ing  2 cm2 c e l l s  containing 
t h e  same t o t a l  of 720 cm2 of a c t i v e  e l e c t r o d e  area would r e -  
q u i r e  360 c e l l s  o r  180 two-cell  drums. On the b a s i s  of these  
d a t a ,  t h e r e  i s  an  incen t ive  t o  explore  t h e  e f f e c t s  of us ing  
e l e c t r o l y t e  d i s k s  l a r g e r  than 6.3 cm diameter.  
4.2.2 Ceramic Tube Sea ls  
Sea l ing  experiments were made involving alumina and z i r c o n i a  
tubes having nominal o . d m f s  of 114 and 3/8 inch i n  the  conf i -  
gura t ions  shown i n  Fig. 4-3. The top  two drawings i n  Fig. 4-3 
r ep resen t  a z i r c o n i a  drum t o  which t h e  ceramic tube i s  sea led  
i n  a conica l  jo in t .  Alumina and z i r c o n i a  tubes were sea led  
success fu l ly  t o  z i r c o n i a  drums. The next  drawing shows a n  
alumina end cap sea led  t o  an  alumina tube. This s e a l i n g  - 
conf igura t ion  was done successfu l ly .  The bottom drawing de- 
p i c t s  two tubes sea led  toge ther  a t  a con ica l  jo in t .  These 
s e a l s  were gas - t igh t  f o r  z i r con ia - to -z i r con ia ,  alumina-to- 
alumina, and alumina-to-zirconia. The a b i l i t y  t o  make these  
s e a l s  permits  a wide range of gas manifolding designs t o  be 
considered. 
Table 4-7 
DRUMS WITH BUTT SEALS 4.4 CM DIAMETER 
a~rum leaked badly a t  one d i s k ;  removal of t h i s  d i s k  and t e s t  
of  t he  o t h e r  d isk  gave 12 minutes. 
Drum 
F-99 
F-101 
F-126 
F-127 
F-128 
F-129 
e l e c t r i c a l  l ead  seal leaked and i t  w a s  s e a l e d  w i t h  l a c -  
quer  for tes t  of the  o t h e r  s e a l s .  
Table 4-8 
DRUMS WITH BUTT SEALS 1.9 CM DIAMETER 
~ t / ~ p  TEST (MINUTES) 
Seal-Up 
a 
31.5 
39.8b 
25.9 
9.5 
52 
Thermocycle 
- 
44.5 
2.2 b 
6.8 
3.8 
0.7 
L 
I 
Drum 
F-155 
F-157 
F-158 
~ t / h p  TEST (MINUTES) 
Seal-Up 
52.9 
46 
60.1 
Thermocycle 
27.9 
61.4 
29.3 
C O W  J O I N T  
Fig. 4-3 Cer2mic Tube Seals 
4.2.3 Wire and Metal Tube Seals  
Hundreds of noble meral wire  and tube s e a l s  of the  types il- 
l u s t r a t e d  i n  Fig. 4-4 have been made both as separa te  exper i -  
ments and during assembly of e l e c t r o l y z e r s .  Only a few have 
f a i i e d  and i n  every case of f a i l u r e  the re  was an obvious ex- 
p lana t ion  (poor p l a t i n g ,  s l ippage o f  the  braze wi re ,  insuf  f i - 
c i e n t  braze metal).  
4.3 CONCLUSIONS 
The s e a l s  developed i n  the  course of these  experiments were 
adequate i n  both performance and y i e l d  t o  assemble e l e c t r o l y s j s  
modules of the  design presented i n  sub-sect ion 3.1 above. The 
apparent  ease  of making g a s - t i g h t  ceramic tube,  metal  tube ,  
and wire  seals t h a t  was observed i n i t i a l l y  w a s  borne out  by 
f u r t h e r  experience w i t h  many s e a l s  of these  conf igurat ions .  
The s e r i o u s  i n i t i a l  d i f f i c u l t i e s  of making seals (between 
6.3 c m  diameter  e l e c t r o l y t e  d i s k s  and drum bodies) which r e -  
mained gas - t igh t  on cyc l ing  over a wide temperature range 
were overcome. The e x t e n t  t o  which t h i s  s e a l i n g  problem w a s  
solved by these  experimental  drums is  i l l u s t r a t e d  by the  
opera t ion  o f  Unit 2-8 a t  <0.01% C02, descr ibed below i n  sub- 
s e c t i o n  8.2. 
Pt WIRE 
- 
F i g .  4 - 4  Wire and Metal Tube Seals 
Sectior, 5 
HOT PREsSING 
5.1 TECHNIQUE 
A l l  of the  s t ages  i n  the  nanufacture of the  e l e c t r o l y t e  d i sks  
used i n  the  one-man e l e c t r o l y z e r  and i n  the  seve ra l  t e s t  u n i t s  
were c a r r i e d  out  in-house. The manufacturing s t e p s  -- including 
powd?rpreparation, d e n s i f i c a t i u n  by hot  press ing ,  s l i c i n g ,  and 
polishing--were developed dur ing the  e f f o r t  of  the previous 
year and have been descr ibed before (Ref. 1 ) .  Current ly ,  ap- 
proximately 400 g of prepared powder i s  loaded i n t o  a d i e  and 
cold pressed a t  about 9 tons  t o t a l  load. The loaded d i e  i s  
then s e t  c p  i n  the  f u r ~ a c e .  Following evacuation and pressure  
loading,  the  temperature of the  furnace i s  r a i s e d  t o  the  de- 
s i r e d  value and held  f o r  I@ t o  14 minates. The r a m  pressure  
i s  then removed and the opera t ing  temp2rature maintained for 
an a d d i t i c n a l  10 minutes before cool ing the  furnace a t  a r a t e  
up t o  1 4 O ~  per  minute. When co ld ,  the  d i e  i s  removed from 
the hot przss  f-trnace, then the  ceramic compact i s  removed 
from the die .  source m a t e r i a l s  and compositions of the  
prepared powders as w e l l  as the  hot-press ing parameters f o r  
the  compacts made t h i s  year  a r e  givdn i n  Tables 5-1, 5-2, and 
5-3. 
The graphi te  d i e s  a r e  machined in-house t o  a nomin~'  63.5 rm 
i . d o ,  from National Carbcn AT: graphi te  stocl.. Our ,wo-year 
operat ing experience has shown that  an i n d i v i d ~ m l  d ie  is  g o ~ d  
f o r  approximately twenty runs, a+ which time the Ins ide  s12r- 
faces  have become s o  i r r e g u l a r  t h a t  i t  i s  d i f f i c u l t  t o  remove 
the  hot-pressed contpact from the  d ie .  
Following ho t  press inq,  the  compact i s  dark gray t o  black due 
t o  reduct ion of the  ceramic i n  the  carbonaceous environment. 
The press ing  i s  s l i c e d  i n t o  t h i n  d i s k s  us?ng a d imond cut-off  
vhee l  and the  d i sks  are f i r e d  i n  a i r  a t  a nominal 1300%. The 
a i r  f i r i n g  oxidizes  the  sawed d i sks  t o  a l i g h t  yellow o r  white 
co lor  and a l s o  serves  as a t e s t  f o r  thermal shock r e s i s t a n c e .  
Af tc r  a i r  f i r i n g ,  the  d i s k s  a r e  t e s t e d  f o r  re la t . ive  poros i ty  
by placing each one over a p o r t  i n  a vacuum chamber and not- 
ing  the f i n a l  pressure  obta iaable  i n  the  system between the  
d i s k  and the ..scum pump. 
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5.2 PREPARATION OF Zr02-Sc203 ELECTROLYTE 
Thirty-seven hot-pressed compacts of t h i s  composition were made 
t h i s  con t rac t  year us ing  two l o t s  of Z r  source m a t e r i a l  from 
TAM Divis ion,  National  Iead  Company (designated TAM l o t  #11, 
e t c . ) .  The Sc703 w a s  obta ined from Research Organic /~norganic  
Chemical corPo;ation (designated ROC/RIC) and from Research 
Chemicals Divis ion of Nuclear Corporation of  America (desig-  
nated RC #I ,  e t c . ) .  Data on these  press ings  a r e  summarized 
i n  Table 5-1. With re ference  t o  the  t a b l e s  of ho t -press ing  
d a t a ,  t he  numbers fol lowing the  source and/or log  des igna t ion  
r e f e r  t o  sepa ra te  conta iners  ca r ry ing  the  manufacturer ' s  
same l o t  number. 
The hot-pressed compacts prepared from powder nade wi th  TAM 
Lot No. 11 m a t e r i a l  exh ib i t ed  very l i t t l e  change i n  o v e r a l l  
d e n s i t y  wi th  v a r i a t i o n s  i n  d i e  pressure .  400 g press ings  pre-  
pared a t  3440 p s i  and higher  d i d  not have porous cen te r s  near 
the  top  of the  compacts, a s  d i d  press ings  made l a s t  year.  
S l i c e s  c u t  from the non-porous press ings  appeared t o  be more 
b r i t t l e  and would not  s u s t a r n  a s  severe  machining opera t ions  
a s  those prepared former1.y from the previous l o t s  of r a w  ma- 
t e r i a l .  The poros i ty  reappeared when the  d i e  pressure  w a s  
reduced t o  near 3000 p s i  o r  when the  d i e  charge was increased 
t o  500 g. 
A l l  of the  ( ~ r 0 ~ ) ~ . 9 ~ ( ~ c ~ O ~ ) ~ ~ 0 8  omposition press ings  der ived 
from TAM Lot 15 source m a t e r i a l  exh ib i t ed  the  usu. 1 v a r i a t i o n  
i n  poros i ty  from top t o  bottom of the  compact; and v a r i a t i o n  
i n  d i e  pressure  d i d  appear t o  a f f e c t  the  o v e r a l l  dens i ty  value.  
These observat ions  may be i n t e r p r e t e d  t o  i n d i c a t e  the  presence 
of an impuri tv i n  TAM Lot 11 which w a s  a c t i n g  a s  a "f luxing 
agent .  " A l l  bf these  observat ions  on v a r i a t i o n s  i n  p r o p e r t i e s  
of the  press ings  a r e  a c t u a l l y  small  and sub t l e .  No detrimen- 
t a l  e f f e c t  has been noted on the  usefu lness  of s l i c e s  c u t  from 
these  compacts f o r  e l e c t r o l y t e  d i s k s ,  r ega rd les s  of these  
v a r i a t i o n s .  
S t a r t i n g  wi th  hot-pressed compact G-89, the  dens i ty  achieved 
began t o  vary,  usua l ly  averaging s l t g h t l y  l m e r  than the  95 
t o  96% obtained e a r l i e r  i n  the  s e r i e s .  This decrease !-n den- 
s i t y  led  t o  the  production of genera l ly  more porous d i s k s ,  
some of which were leaky enough t o  inf luence  the  ~ t / ~ p  t e s t  
(see Sect ion 7 )  fol lowing seal-up of the  e l e c t r o l y t e  d i s k s  
i n t o  drums. The decrease i n  dens i ty  cannot be c o r r e l a t e d  wi th  
a change i n  source m a t e r i a l  and the  cause remains unknown a t  
t h i s  time. 
Two hundred and nineteen d i sks  from the ( 2 d 2  )0,  92 (sc203 
. 08 
TAM press ings  were processed through s l i c i n g ,  f i r i n g ,  and 
pol ishing.  None f a i l e d  the  a i r  f i r ing- thermal  shock t e s t .  
Nine hot  press ings  ve re  made us ing  t h i s  lower scandia-content  
powder i n  an e f f o r t  t o  increase  the  dens i ty  of the  compacts 
and thereby reduce the  poros i ty  of the d isks .  The condi t ions  
and r e s u l t s  a r e  given i n  Table 5-2. A l l  t he  press ings  had 
d e n s i t i e s  higher  than those achieved wi th  the  
(zr02 ) O o  92 ( s c ~ ~ ~ ) ~ ~ ~ ~  compos~ t ion ,  even a f t e r  some reduct ion  
of  ram pressure .  S ix  of the  lower scandia-content  press ings  
have been processed t o  give t h i r t y - s i x  f i n i s h e d  d isks .  A l l  
of the  d i sks  survived the  thermal shock tss t  a3d a l l  have 
l i t t l e  o r  no poros i ty  as measured on the  vacuum t e s t .  
Las t  year  t h r e e  hot-pressed compacts were made us ing  Z r  source 
m a t e r i a l  from Varlacoid Company (designated VAR) . The press ings  
had high densities and the  a i r - f i r e d  d i s k s  c u t  therefrom were 
whi te  (whereas the TAM-source d i s k s  are yellow). However, only 
one of the  compacts y ie lded  useable  d i s k s  (see  Ref. 1). This  
year  two a d d i t i o n a l  press ings  were made from powders us ing  two 
l o t s  of  Varlacoid m a t e r i a l  (see  Table 5-1). The d e n s i t i e s  of 
the  compacts were aga in  high and the  d i s k s  were white a f t e r  
a i r  f i r i n g .  However, most of  the  d i s k s  cracked and b l i s t e r e d  
dur ing a i r  f i r i n g  and were, t h e r e f o r e ,  unuseable as e l e c t r o l y t e  
c e l l  components. We must conclude t h a t  t h e  Varlacoid source 
material i s  not  s u i t a b l e  f o r  use i n  t h e  present  disk-making 
procedure (poss ib ly  because of a v a r i a b l e  impuri ty conten t ) .  
Five o t h e r  ho t  press ings  were made t h i s  year  us ing TAM zirconium 
source m a t e r i a l  but s t a b i l i z e d  wi th  Y 2 0 3  and/or  Y b 2 0 3  (see  
Table 5 - 3 ) .  The Y 2 0 3  was taken from a s i n g l e  l o t  obta ined from 
American Potash and Chemical Corporat ion and the  YbZOg, l i k e -  
w i s e ,  from Research Chemicals. For both Yb O3 and/or Y203 1 s t a b i l i z e r s ,  decreasing the  amount of s t a b i  izer  leads  t o  
higher  pressed d e n s i t i e s  f o r  equ iva len t  press ing  condi t ions .  
The degree of resistance to thermal shock also runs in-lersely 
to the quantity of stabilizing oxide employed. In the case 
of Yb2O3 stabilization at 10 mole%, the pressing fractured in 
the hot press; at 6 mole% some of the sliced disks survived a 
single air firing at 130O0C, but fractured on refiring; while 
at 4 mole% most of the disks have survived multiple air firings. 
The 4 mole% Y2O3 plus 4 mole% Yb203 pressing split on heating 
to -15O0c. Half of the sliced disks from the 4 mole% Y203 
have survived two air firings at 1300°c. 
 his represents an 
improvement over 9 to 10 mole% Y20g-stabilized disks which in 
the past have all failed to survive firings at 1300°c.) 
These experimental tests have shown that the thermal shock re- 
sistance of Y2O3 or Yb203-stabilized hot-pressed zirconia can 
be significantly improved by reduction of the amount of stabi- 
lizer empioyed. Samples of the 4 mole% Zr02-Y203 and 
Zr02-Yb?03 pressings were submitted for x-ray powder diffrac- 
tion runs. The diffraction spectra from both materials were 
substantially the same and indicated the presence of some 
monoclinic baddeleyite phase in each. The major component 
was cubic or tetragonal stabilized zirconia with unit cell 
dimensions the crder of 5.10 to 5.13 g. 
Sect ion 6 
FABRICATION 
6 . 1  COMPONENTS 
E l e c t r o l y s i s  t e s t  u n i t s  and the  modules of the  one-man, 127-A 
e l e c t r o l y z e r  were assembled us ing  drums s e l e c t e d  from those 
produced dur ing  the  s e a l i n g  runs  descr ibed i n  Sect ion 4 above. 
P r i o r  t o  s e l e c t i o n  as an e l e c t r o l y z e r  component, each drum 
had been t e s t e d ,  heated t o  1000°C, cooled, and r e - t e s t e d .  A 
bu t t - sea led  and a n  edge-sealed drum a r e  shown i n  Figs. 6-1 
and 6-2, respec t ive ly .  
Alumina manifold tubes were used i n  each e l e c t r o l y z e r .  They 
were prepared f o r  seal -up by d r i l l i n g  and p l a t i n g  holes  t o  
rece ive  the  metal  tubu la t i ans  of the  drums. 
6.2 ELECTROLYZER MODULES 
Eight e l e c t r o l y s i s  u n i t s  of the  design descr ibed i n  sub-sect ion 
3.1 above were assembled. Four modules (2-9, 2-10, 2-11, and 
2-12) contained s i x  drums o r  twelve c e l l s  each and t h r e e  of  
these  modules c o n s t i t u t e d  the  one-man u n i t .  The o t h e r  e l e c t r o -  
l y z e r s  (2-5, 2-6, 2-7 ,  and 2-81 were experimental u n i t s  which 
were made t o  a i d  i n  the  development of t h e  f a b r i c a t i o n  and 
opera t ing  procedures. The main assembly s t e p  cons is ted  of f u r -  
nace brazing the  drum tubu la t ions  t o  t h e  alumina manifold tubes  
us ing  s i lve r -go ld  a l l o y  bra2 2 .  The drums and manifolds were 
he ld  i n  p o s i t i o n  i n  a ceramic j i g  dur ing t h i s  operat ion.  Fig. 
6 - 3  shows an e l e c t r o l y z e r  s t i l l  i n  the  j i g  a f t e r  completion 
of  the  brazing s tep.  The s p l i t  r i n g s  between the  drums sup- 
p o r t  them during the  se t -up  and brazing p o c e d u r e  and they a r e  
removed afterward.  The m a t e r i a l  on the  metal gas tubu la t ions  
near  t h e  manifold tubes i s  a ceramic cement used t o  r e t a r d  
flow of the  brazing a l l o y  away from the  braze a r e a  and i t  i s  
a l s o  removed later. The j i g  is  removed a f t e r  the  brazing 
opera t ion  and the  u n i t  i s  handled without  a d d i t i o n a l  support .  
The u n i t  without  the  j i g  i s  shown i n  Fig. 6 - 4 .  This f i g u r e  
a l s o  shows the  s e r i e s  e l e c t r i c a l  in te rconnec t ions ,  the  lead 
wires which w i l l  c a r r y  the  c u r r e n t ,  and the  connecting leads  
f o r  the  vol tage  probes t o  each c e l l .  
F i g .  6-1 But t -Sea led  arum 
Fig. 6-2  Edge-Sealed D r u m  
46 
Fig .  6 -3  E l e c t r o l y z e r  in Brazing . J ig  
Flg. 6-4 E l e c t r o l y z e r  a f t e r  Rsmoval from Braz ing  J i g  
For laboratory t e s t i n g ,  the u n i t  i s  held  by a metal p l a t e  
which a l s o  contains  the e l e c t r ' c a l  and gas lead- 
throughs a s  shown i n  Fig. 6-5. The f l u f f j  packing i s  high,- 
temperature thermal insu la t ion .  The u n i t  i s  then placed 
i n t o  i t s  ceramic envelope, shown i n  Fig. 6-6, which funct icno 
a s  the  oxygen chamber. A f t e r  h i n g  placed i n t o  a furnace and 
making the e l e c t r i c a l  and gas connections,  the  e l e c t r o l y z e r  
shown i r l  these  f i g u r e s  i s  ca  able of opera t ion  a t  48 A a t  a P cur ren t  dens i ty  of 200 mA/cn . 
The 0 2  e l a c t r o l y z e r s  t h a t  were m6:ie dur ing the  p a s t  year  
a r e  suimarized i n  Table 6-1. Unit 2-5 was assembled t o  a i d  
i n  developing the  design cnd f a b r i c a t i a g  procedures and i t  
w a s  d e s t r u c t i v e l y  examined without  having operated as an  
e l e c t r o l y z e r .  D e t a i l s  of the  ope ra t ing  performance of the  
o t h e r  u n i t s  a r e  given i n  Sect ion 8. 
Table 6-1 
S-Y OF MULTI-CELL ELECTROLYZE'- 
7 
C o m m e n t s  
F i r s t  u n i t  us ing  the  dm11 design;  
destroyed dur ing examination; not 
operated.  
One f a u l t y  drum removed from each 
u n i t ;  2-6 f a i l e d  s h o r t l y  a f t e r  s tar t -  
up; 2-;' opcra te~ ;  as C02 e l e c t r a l y z e r  
a t  15 A. 
Operated f b r  >800 hr a t  ~ 0 . 0 1 %  C02 i n  
the  02 produced e l e c t r o l y t i c a l l y  a t  8A. 
-. -- 
Standby modu'ie of the  127-A, 
one-rnan e l e c t r o l y z e r .  
, I.--- 
These th ree  modules were cjperated t o -  
ge ther  a t  42Aeach f o r  >250 nr and 
produced two pounds of g2 per  day 
from C02. 
-- . I 
b 
Unit 
Numbers 
2-5 
2-6 
and 2-7 
2-8 
2-9 
2-10 
2-11 
and 2-12 
+ 
Drm 
Type 
Butt  
Butt 
Edge 
Butt 
- 
Edge 
1 - 
No. of 
Drums 
3 
3 
6 
Fig .  6-5 E l e c t r o l y z e r  w i t h  Top P l a t e ,  
I n s u l a t i o n ,  2nd E l e c t r i c a l  Connec t ions  
Flg. 6-6 Complete Elec t ro lyzer  of 
48-A, One-Third Mln Capacity 
Section 7 
TESTING AT ROOK TEMPERATURE 
A method of t e s t i n g  drums and e l e c t r o l y s i s  modules a t  room 
temperature f o r  gas leaks  i s  necessary t o  permit s e l e c t i o n  of 
those u n i t s  which w i l l  be assembled i n t o  high-temperature 
opera t ing  e l e c t r o l y z e r s .  The i n i t i a l  t e s t i n g  procedure w a s  
t o  pressur ize  the  sea led  drum o r  module wi th  a i r  a t  pressures  
of 0.5 t o  1 p s i  (34.2 t o  69 m i l l i b a r s )  and check f o r  leaks  
wi th  soap s o l u t i o n  o r  by imrners'ion i n  water.  Higher pressures  
were not adopted f o r  rou t ine  use because of the  l a rge  fo rces  
they impose on t h e  e l e c t r o l y t e  d i s k s ,  a pressure  of 1 p s i  
corresponding t o  a force  of f i v e  pounds on the  disk.  Concern 
about forces  of t h i s  magnitude might have been unnecessary 
s ince  a pressure  of 5 p s i  was appl ied  i n  one drum test without  
damage and another  drum w a s  evacuated t o  less than one t o r r  
without  damage. However, as the  q u a l i t y  of the  seals improved 
dur ing the  course of the  program, it  w a s  found t h a t  tests i n -  
volving water  o r  soap s o l u t i o n  gave misleading r e s u l t s  and a 
new procedure w a s  adopted. 
This procedure, the  ~ t / A p  test ,  c o n s i s t s  of  observing the  t i m e  
r equ i red  f o r  the  pressure  i n s i d e  the  dry  sea led  u n i t  and a con- 
s t a n t  volume test  apparatus  t o  de.:rease from s i x  inches  of 
water t o  f i v e  inches- of  water  t o  12.5 m i l l i b a r s ) .  D r u m s  
having s m a l l  l eaks  as determinec by t h i s  test  show no apparent  
leak  wi th  t h e  previous soap so3.ution o r  water immersion tests. 
and a f t e r  being w e t  w i th  e i t h e r  soap s o l u t i o n  o r  water  give  no 
apparent  leak  on the  cu r ren t  tes t ,  very  small leaks  being com- 
p l e t e l y  plugged by water  o r  soap so lu t ion .  I n  one case ,  a 
drum w i t h  a s l i g h t  l eak  w a s  wet p i t h  soap s o l u t i o n  and pres -  
su r i zed  t o  2.5 p s i  (170 millibax-:: ) without showing bubbles o r  
foam. Addi t iona l ly ,  t h e r e  is evidence t h a t  atmospheric water  
vapor can condense i n  the  leak channels and plug them. I f  a 
drum has been allowed t o  s i t  i n  the  labora tory  exposed t o  a i r  
f o r  more than a day, i t  has been found necessary t o  dry i t  a t  
1 5 0 ' ~  i n  order  t o  o b t a i n  reproducible  b t h p  t e s t  r e s u l t s .  
D r u m s  t e s t i n g  g r e a t e r  than two minutes a r e  re-heated t o  -1000oC, 
cooled back t o  near room temperature wi th  r a t e s  of temperature 
r i s e  and f a l l  held  t o  less thar.. f i v e  degrees per  minute, and 
t e s t e d  again. This  procedure 1 . 3  termed a Tfthermocycle". The 
p a s s - f a i l  po in t  has been taken arbi. t rari ' j  as a tes t  r e s u l t  
of two minutes a f t e r  one thermocycle. The s ignif icance of 
t h i s  a r b i t r a r y  point  i n  terms of oxygen pu r i t y ,  oxygsn pro- 
duct ion r a t e ,  and degradation on long-term operation of 
e l e c t r o l y s i s  u n i t s  can be seen by comparing the da ta  i*.~ Section 
8 below f o r  ac tua l  high-temperature C02 e l e c t r o l y s i s  runs with 
the  AtlAp t e s t  values of the drums i n  those e l e c t r o l y t i c  un i t s .  
The ~ t / h p  t e s t  was o r ig ina l ly  introduced a s  a convenient ad 
hoc method of obtaining a more meaningful qua l i t a t i ve  idea  of 
the  leak r a t e  of drums i n  conjunction with the sea l ing  experi-  
ments. Its primary function w a s  t o  provide a rapid means of 
determining whether changes i n  sea l ing  technique were pro- 
ducing t i g h t e r  s e a l s *  I t  i s  use fu l ,  however, t o  know the r e -  
l a t ionsh ip  between a t e s t  r e s u l t  ( i n  minutes) and the  ac tua l  
amount of gas (oxygen) t h a t  had t o  leak from the drum during 
the  t e s t .  The t e s t  appzratus t h a t  was used i n  obtaining 
a l l  d t l bp  t e s t  da ta  reported here cons i s t s  of a water mano- 
meter connected by f l e x i b l e  tubing t o  the  drum on t e s t  with 
provision f o r  admitt ing oxygen a t  a pressure s l i g h t l y  above 
s i x  inches of water. The volume of gas t h a t  leaks from the 
system i t s e l f  with no drum at tached i n  going from a pressure 
of s i x  t o  f i v e  inches of water w a s  0.85 cm3 (measured with a 
syringe) .  Most of t h i s  gas comes from the reduction of gas 
volume i n  the water manometer as the system pressure decreases 
and water r i s e s  i n  the  tube. The volume of gas i e ,  the 
volume of a constant volume t e s t  system) t h a t  would leak t h i s  
same amount (number of inoles) of gas f o r  the san1.e pressure 
change can be ca lcula ted  from Boyle's l a w  as follows: 
where A - system a t  s i x  inches of water + a t m  
B = system a t  f i v e  inches of water + atrn 
and s ince 1 atm = 407 inches of water 
and AV = 0.85 cm3 
there fa re  413 V = 412V + 412 IV 
V = 412 A V =  348 cm3 
The e f f ec t i ve  system volume i s  348 cm3 and t h i s  i s  the volume 
of a system containing a manometer of invar ien t  volume t h a t  
would give the same ~ t l ~ p  t e s t  r e s u l t s  as the ac tua l  system 
using the water manometer ( i n  which the volume i s  a function 
of pressure 1. 
Comparison of b t l ~ p  t e s t  r e s u l t s  f o r  u n i t s  of d i f f e r e n t  types 
must consider whether the  t o t a l  volume (348 cm3 + volume of 
u n i t  being t e s t e d )  i s  equal  i n  each case.  Approximate volumes 
of s e v e r a l  e l e c t r o l y z e r  components a r e  : 
Edge -sealed drum 1 2  cm3 
But t -sealed drum 24 cm3 
Manif o ld  tube 19 cm3 
Since 348 + 1 2  = 360 cm3 i s  only 3% d i f f e r e n t  from 348 + 24 = 
372 cm3, bt/Ap t e s t  r e s u l t s  f o r  edge- and but t - sea led  d m s  
can be d i r e c t l y  compared. Approximate f a c t o r s  f o r  comparing 
A t / ~ p  t e s t  values  f o r  multi-drum u n i t s  can be ca lcu la t ed  by 
comparing tc ta l  volume (of t e s t  u n i t  + system) per drum i n  
t e s t  u n i t .  Some r e s u l t s  of t h i s  type of comparison a r e  shown 
i n  Table 7 Calcu la t ion  of these  f a c t o r s  assumes t h a t  the  
s e a l s  made so the  manifolds dur ing assembly of a n  e l e c t r o l y s i s  
u n i t  a r e  lezk-free .  For example, i f  s i x  edge-sealed drums 
t e s t i n g  a t  t e n  minutes each were sea led  t o  two manifolds t o  
make a u n i t  such as 2-10 (descr ibed i n  Sect ion 81, the  u n i t  
would t e s t  a t  2.1 minutes i n  the  absence of any s e a l  degrada- 
t i o n  occurr ing dur ing  t h e  f i n a l  assembly procedure. 
Table 7-1 
COMPARISON FACTORS FOR ~ t / ~ p  TEST VALUES 
(SYSTEM WITH WATER MANOMETER) 
Type of Unit  
Edge -sealed d ~ u n  
Butt-sealed drum 
1 Edge-sealed drum (2-8) 
2 But t -sealed drums (2-7) 
6 But t -sealed drums (2-9) 
6 Edge-sealed drums (2-10) 
Volume 
of 
Unit 
cm3 
12 
24 
50 
86 
182 
110 
T o t a l  
Tes t  
Volume 
cm3 
360 
3 72 
398 
434 
530 
458 
Volume 
per  
Drum 
cm3 
360 
372 
398 
217 
88 
76 
> 
Factor  
1 
1 
1.1 
0.60 
0.24 
0.21 
A s  the s e a l s  were improved during the sea l ing  experiments 
discussed i n  Section 4 above, ~ t / ~ p  t e s t  times became incon- 
venient ly  long and, i n  addi t ion ,  the presence of water vapor 
from the manometer i n  the system was cause f o r  g rea te r  concern 
because of possible  water adsorption e f f e c t s .  Both of these 
problems were overcome by performing an a l t e r n a t e  version of 
the bt/bp t e s t  or: a new apparatus having a smaller dead volume 
and a mechanical pressure gauge (wallace and Tiernan Model 
62C-2C-0010, 0 t o  10 inches of water,  5 inch diameter). This 
system leaks 0.10 cm3 of oxywn f o r  a pressure change from 
s i x  t o  f i ve  inches of w a t e ~  which gives it  an e f f ec t i ve  vol-  
ume of 4 1  cm3. Table 7-2 contains comparison f ac to r s  f o r  
t e s t i n g  u n i t s  of d i f f e r e n t  types. 
Table 7-2 
COMPARISON FACTORS FOR ~ t / ~ p  TEST VALUES 
(DRY SYSTEM WITH PRESSURE GAUGE) 
The ~ t / ~ p  t e s t  times with the  gauge system a r e  shor te r  than 
those obtained with the water manometer system because of the 
smaller e f f e c t i v e  volume. The r a t i o  between r e s u l t s  from the  
two systems i s  the  r a t i o  of the e f f e c t i v e  volumes of each 
system with a t e s t  u n i t  connected. These r a t i o s  a r e  tabu- 
l a t e d  i n  Table 7-3. 
A 
Type of Unit 
Edge-sealed drum 
Butt -sealed drum 
1 Edge-sealed drum (2-8) 
2 Butt-sealed drums (2-7) 
6 Butt-sealed drums (2-9) 
6 Edge-sealed drums (2-10) L 
Tota l  
Test 
Volume 
cm3 
53 
65 
91 
1 2  7 
223 
151 
Volume 
of 
Unit 
cm3 
12 
24 
50 
86 
182 
110 
Volume 
per 
D r u m  
cm3 
53 
65 
91 
64 
37 
Factor 
1 
1.2 
1. 7 
1.2 
. 70 
25 I .47 
Table 7-3 
RATIOS OF bt/bp TEST VALUES 
(WATER MANOEXTER VERSUS GAUGE SYSTEM) 
For example, an edge-sealed drum t e s t i n g  a t  68 minutes on the 
waier manometer system w i l l  have a t e s t  value of 10 minutes 
on the gauge system. 
Type of Unit 
Edge-sealed drum 
Butt-sealed drum 
1 Edge -sealed 
drum (2-8) 
2 Butt  -sealed 
drums (2-7) 
6 Butt-sealed 
drums (2-9) 
6 Edge-sealed 
drums (2-10) 
.I 
The ~ t l b p  t e s t  provides an  ind ica t ion  of the t o t a l  leak r a t e  
of  a drum o r  multi-drum u n i t  but it does not indica te  the 
loca t ion  of a leak. The leaks a r e  too small t o  use soap 
so lu t ion  t o  give bubbles o r  foam but soap so lu t ion  can be 
used i n  conjunction with the ~ t l b p  t e s t .  1.: the leak r a t e  i s  
s u f f i c i e n t l y  high t h a t  the gauge needle o r  manometer meniscus 
i s  v i s i b l y  moving, app l ica t ion  of soap so lu t ion  o r  water t o  
a reas  of suspected leaks w i l l  r e s u l t  i n  slowing o r  stopping 
of the needle o r  meniscus when the leak i s  w e t .  
A more generally appl icable  method t h a t  i s  use fu l  f o r  loca t -  
ing  leaks i n  s e a l s  and which is a l s o  of s u f f i c i e n t  s e n s i t i v i t y  
t o  de t ec t  porous ceramic a reas  is  the  halogen leak detector .  
The drum o r  multi-drum u n i t  i s  purged with Freon-12, pressur-  
i zed  t o  -6 inches of water with Freon-12, and then probed with 
Volume 
of 
Unit 
cm3 
12  
24 
50 
86 
182 
110 
Total  Tes Volumes 6 cm 
Water M a n o m e t e r ~ ~ a u ~ e '  
360153 
372165 
398191 
434/127 
5301223 
458/151 
Rat io 
6.8 
5 . 7 
4 . 4  
3.4 
2.4 
3.0 
the  leak  d e t e c t o r  probe (General E l e c t r i c  Halogen Leak De- 
t e c t o r  Type H-10). Contact of the  probe wi th  Freon-12 
r e s u l t s  i n  f l a s h i n g  of an i n d i c a t o r  lamp. A f t e r  40 days 
of opera t ion ,  u n i t  2-8 was t e s t e d  a t  room temperature 
us ing  the  halogen leak d e t e c t o r  and found t o  have r e t a ined  
l e a k - t i g h t  s e a l s  (see Sect ion 8) .  
HIGH-TEMPERATURE TESTING AND OPERATION 
8.1 MULTI-DRUM TEST UNITS (NUMBERS 2-6 AND 2-7) 
8.1.1 Introduct ion 
The cons t ruc t ion ,  assembly, and room-temperature leak t e s t i n g  
of two-cell  drums and multi-drum u n i t s  has been described i n  
Sections 6 and 7. The cons t ruc t ion  of the f i r s t  mu l t i - c e l l  
u n i t  us ing drums ;z-5) was undertaken t o  a i d  i n  developing 
the  assembly procedures described i n  sub-section 6.2. During 
removal of a leaky drum, severa l  previously l eak- t igh t  P t  
a l l o y  tube-to-body seals i n  the o the r  drums sprung open. 
Modifications i n  the  design and assembly procedure were made 
a f t e r  u n i t  2-5 and again a f t e r  2-6 allowing removal of a drum 
wi th  the  r e t e n t i o n  of a l l  o the r  l eak- t igh t  s e a l s  i n  u n i t  2-7 
a e  described below. 
The general  arrangement of a three-drum e l ec t ro lyze r  with  
ex t e rna l  plumbing and a ceramic envelope i s  shown schemati- 
c a l l y  i n  Fig. 3-1 above. P t  a l l o y  tubes of one inch (2.54 
cm) length  and 70 m i l  0.d. x 40 m i l  i.d. (0.178 x 0.102 cm) 
bent a t  an  approximate ninety-degree angle i n  the  middle are 
used t o  ca r ry  gas i n  a p a r a l l e l  flow p a t t e r n  between the 
318 inch  0.d. (0.95 cm) alumina manifold tubes and the drums. 
The P t  a l l o y  tubes are connected t o  t he  drums and manifold 
tubes by brazing operat lons  using s i l v e r  and gold. For these 
operat ions  a ca r e fu l  j idging procedure us ing  a Lava A assembly 
i s  required.  I n  a l l  s ea l i ng  operat ions  i n  the assembly of 
mu l t i - c e l l  u n i t s  the  rate of heat-up and cool-down of the  
furnaces i s  held t o  approximately f i v e  degrees per  minute o r  
less. Af ter  the  f i n a l  s ea l i ng  opera t ion  the  u n i t  i s  t e s t ed  
f o r  leaks  using the  h t / ~ p  leak check procedure described i n  
Sect ion 7. E l e c t r i c a l  lead connections between drums a r e  
made and vol tage probes between c e l l s  are attached.  The 
u n i t  i s  placed i n  a ceramic envelope which i s  sealed up by 
means of a removable aluminum closure  p la te .  C e l l  e l e c t r i c a l  
l eads ,  thermocauple leads ,  Cop manifold, oxygen o u t l e t  , and 
purge tubes are brought out  through the  p l a t e  and sea led  
i n t o  the p l a t e  wi th  Torr Seal  ( ~ a r i a n  Associates ,  Vacuum 
~ i v i s i o n ) .  
8.1.2 Unit 2-6 
Unit 2-6 cons is ts  of three drums o r  s i x  c e l l s .  The drums a r e  
designated F-81, F-82, and F-83. Further d e t a i l s  concerning 
drums a r e  t o  be found i n  Section 4. The indiv idual  drums were 
sea led  with 11500C Au-Pd a l l oy  and d id  not have one end of the 
P t  a l l oy  tubes sealed t o  them during t h i s  step.  
Before assembly i n t o  the sea l ing  j i g  t o  nake the P t  a l l oy  tube 
s e a l s ,  20 m i l  (0.051 cm) Au wire was wrapped around each d i sk  
s e a l  of each drum. Af te r  i n se r t i on  of P t  a l l o y  tubes i n t o  
the alumina tubes and z i rconia  drum holes ,  20 m i l  (0.051 cm) 
Au wire was wrapped around each end of the P t  a l l o y  tube and 
pushed lga ins t  the drum body and alumina tube,respectively.  
Af ter  seal-up and cool-down, i t  w a s  noted t h a t  a l l  the gold 
had melted but  d id  not flow i n t o  severa l  of the alumina and 
drum holes and ins tead  flowed i n  the opposite d i rec t ion .  A 
r e s e a l  was attempted using s i l v e r  s t r i p  wrapped around each 
P t  tube j o in t  t h a t  d id  not s e a l  on the f i r s t  attempt with 
gold. A dab of high-temperature cement w a s  placed around each 
tube j u s t  behind the wrapped s i l v e r  t o  r e s t r i c t  flow of the 
molten metal i n  the wrong di rec t ion .  The s i l v e r  reseal was 
successful .  A leak w a s  found i n  u n i t  2-6 by the ~ t / ~ p  t e s t .  
The leak was stopped by squ i r t i ng  leak-check f l u i d  over the 
un i t .  A s u f f i c i e n t l y  small leak was assumed t o  be present 
warranting proceeding t o  t e s t i n g  the u n i t  under current  a t  
high temperature. During preliminary oxygen t r a n s f e r  experi-  
ments a la rge  leak  developed between cathode and anode cham- 
bers  end the u n i t  w a s  shut  down. Leak t e s t s  indica ted  a 
severe leak i n  a disk-to-body sea l .  As a consequence of 
these r e s u l t s ,  the more rigorous leak t e s t i n g  and <h.ermo- 
cycl ing procedures described i n  Section 7 were ins t icut&.  
8.1.3 Unit 2-7 
Assembly 
Unit 2-7 i n i t i a l l y  incorporated drums F-118, F-119, ant! F-120. 
P t  a l l o y  tubes were sealed i n t o  these drums during the disk-  
to-body gold brazing operation. The i n i t i a l  leak check of 
these drums using the b t / ~ p  t e s t  gave values of 8.3, 9.5, and 
8.6 minutes f o r  F-118, F-119, and F-120, respect ively.  S i lve r  
w a s  used t o  s e a l  the P t  tubes t o  the  alumina manifold tubes 
as described above f o r  the successful  2-6 s i l v e r  resea l .  Af ter  
assembly the u n i t  was leak checked and th top d i sk  s e a l  of 
the  F-120 drum was found t o  leak. The P t  a l l o y  tubes were cut  
and the F-120 drum was removed from the  un i t .  The severed 
tubes were torch  sea led  wi th  gold. A r e t e s t  found a leak 
s t i l l  present  due t o  a F-120 tube s p l i t  a t  the ninety-degree 
bend. This leak was a l s ~  c losed up by torch  s e a l i n g  with  
gold. The u n i t  was then d r i e d  i n  a furnace a t  -2000C f o r  
s e v e r a l  hours and then re t e s t ed .  A leak  r a t &  of 2 . 1  minutes 
was obtained just meeting the minimum e s t a b l i s h e d  t e s t  
c r i t e r i o c  of two minutes. 
E l e c t r o l y s i s  
The two-drum, f o u r - c e l l  2-7 e l e c t r o l y z e r  was e l e c t r i c a l l y  
hooked up and $laced i n t o  opera t ion  a t  -83;"~ i n  a manner 
analagous t o  u n i t  2-5 .  The e l e c t r i c a l  t e s t i n g  procedure was 
similar t o  t h a t  previously  descr ibed (Ref. 1 ) .  The e l e c t r o -  
l y t e  d i sks  were a l l  of -0.050 inch  (0.127 cm) thickness.  
Oxygen was flowed through the  o u t e r  envelope (see Figs. 3-1 
and 6 - 6 )  a t  -150 ml/min. E l e c t r o l y t i c  oxygen t r a n s f e r  w a s  
c a r r i e d  ou t  from the  cathode chamber t o  the  i n s i d e  (anode) 
chambers of  the  drums by means of passage of  a cunstant  cur -  
r e n t  i n  s e r i e s  through the  four  c e l l s  of the  unit:. The cur-  
r e n t  w a s  va r i ed  from 0.5 t o  4 A over a per iod of s z v e r a l  days 
t o  ob ta in  r e l a t i v e l y  s t a b l e  appl ied  vol tage  values.  These 
r e s u l t s  a r e  p l o t t e d  i n  Fig. 8-1 i n  terms of t o t a l  appl ied  
vo l t age  for the  four  c e l l s  uncorrected f o r  lead r e s i s t a n c e  
los ses .  Values of  ind iv idua l  c e l l  vo l t ages  cor rec ted  f o r  l ead  
r e s i s t a n c e  los ses  f o r  c e l l  no. 2 (bottom c e l l  of F-118) and 
c e l l  no. 3 ( top  c e l l  of F-119) are p l o t t e d  i n  Fig. 8-2. 
A f t e r  these  i n i t i a l  oxygen t r a n s f e r  runs ,  C02 taken throuzh 
a water bubbler a t  room temperature was introduced i n t o  the  
drums a t  a flow rate of  -150 ml/min. The C02 flow r a t e  was 
increased  t o  -160 ml/min a t  the  4 A value. A s e r i e s  of  ap- 
p l i e d  vol tage  versus  c u r r e n t  values w a s  obtained under ope- 
r a t i n g  condi t ions  (of temperature, l ead  r ~ s i s t a n c t  l o s s e s ,  
I ~ R  hea t ing)  otherwise similar t o  the  oxygen t r a n s f e r  exper i  - 
ments. These curves are al.so shown i n  Figs.  8-1 dnd 8-2 
where they can be compared wi th  the  oxygen t r a n s f e r  r e s u l t s  t o  
o b t a i n  approximate p o l a r i z a t i o n  values d i r e c t l y  by d i f f e rence  
without  the  necess i ty  of  making any co r rec t ions  f o r  I R  los ses .  
P o l a r i z a t i o n  los ses  f o r  02 t r a n s f e r  a t  200 m~/cmZ a r e  neg l ig ib le .  
Table 8-1 gives  the  ind iv idua l  c e l l  va lues  cor rec ted  .for  . 
I R  drop due t o  lead los ses  of these  i n i t i a l  runs wi th  02 
and carbon dioxide.  These co r rec t ions  a r e  0.20 t o  0.24 
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v o l t s  ( a t  4 A) f o r  the  inner  c e l l s  no. 2 and 3 and a r e  approxi- 
mately 3 t o  4 times these  values  f o r  the  two ou te r  c e l l s  no. 
1 and 4 because of the  cu r ren t  lead r e s i s t a n c e s .  
Table 8-1 
INDIVIDUAL CELL CURRENT-VOLTAGE VALUES FOR U N I T  2-7 
A f t e r  the  oxygen t r a n s f e r  experiments,  carbon dioxide e l e c t r o -  
l y s i s  i n  u n i t  2-7 w a s  continued a t  3 t o  4 A (150 t o  200 mA/cm2) 
o r  a t  a 12 t o  16 A capac i ty  l eve l .  The oxygen stream obtained 
by t h e  e l e c t r 3 l y s i s  of C02 w a s  monitored for C02 content  by gas 
chromatographic ana lys i s .  The C02 content  dur ing a per iod of 
2 1  days (-500 h r )  remained cons tan t  a t  -5 volume% i n d i c a t i n g  
t h e  presence of a s m a l l  l e a k  but  no degradation of the  s e a l s  
wi th  time. Applied vol tage  values  f o r  the  four c e l l s  a r e  pre-  
sen ted  i n  Table 8-2. The two inne- celT s , no. 2 and 3, have 
vol tage  probes a t t ached  a t  the  i n t e r - c e l l  e l e c t r i c a l  connec- 
t i o n s .  No I R  co r rec t ions  f o r  lead  l o s s e s  of c e l l s  no. 1 and 
4 have been made i n  Table 8-2. 
Table 8-2 
APPLIED VOLTAGE (v) 
C e l l  C e l l  C e l l  Cell 
No. 1 No.2 No. 3 No .4  
0.42 0.38 0.40 0.44 
1.38 1.33 1.34 1.35 
1.55 1.57 1.49 1.51 
Current  
(A) 
4 
3 
4 
- 
Cop ELECTROLYSIS -LIFE TEST PERFORMANCE OF U N I T  2-7 
Process 
oxygen t r a n s f e r  
carbon dioxide 
e l e c t r o l y s i s  
carbon dioxlde 
e l e c t r o l y s i s  
A 
%pera t ion  i n t e r r u p t e d  f o r  c e l l  r e s i s t a n c e  measurements. 
APPLIED VOLTAGE (v) 
C e l l  C e l l  C e l l  C e l l  
No. 1 No. 2 No. 3 Ho. 4 
1.77 1.73 
1.48 1.52 
2.35 1.80 1.70 2.19 
1 1  1.49 
2.82 2.08 1.63 2.22 
2.68 1.70 1.81 2.31 
1.70 1.73 
2.88 1.70 1.70 2-94 
1.53 1.54 
Days of 
Operat ion 
8 
8 
10 
10 
13 
15 
19 
20 
2 1  
Current 
(A) per  
C e l l  
4 
3 
4 
3 
4a 
4 
4 
4 
3 
The approximate s i m i l a r i t y  of appl ied vol tages t o  c e l l s  no. 2 
and 3 ,  which a r e  of equal e l e c t r o l y t e  thickness but belong t o  
d i f f e r e n t  d m s , l n d i c a t e s  t h a t  the d i s t r i b u t i c n  of the C02 gas 
stream from t'le i n l e t  manifold tube i s  occurring approximately 
equally. 
During the ~ 2 1 i o d  of operat ion,  conversion per  pass of C 0 2  t o  
CO ( i .e . ,  CO ~c ~ c e n t r a t i o n  i n  the cathode o u t l e t  gas) as high 
as 807, w a s  obcaLned again showing t h a t  equa l i ty  of gas d i s t r i -  
butio1.1 amollg the four  c e l l s  is  being achieved. 
The onset  of a ca tas t rophic  leak on the twenty-f i rs t  day of 
operat ion w a s  noted by a sudden jump i n  C 0 2  content from -5% 
(4.4 t o  6.1%) t~ -40%. Pressure exerted by the alumina the r -  
mocouple tube r e s t i n g  on the  top d i sk  may have caused the 
crack found i n  it. Excamination ~f t k e  bottom s e a l  of t h i s  
drum indica ted  t h a t  i t  a l s o  had opened up. 
In  order t o  check the  s t reng th  of the drum-to-manifold connect- 
ing tubes,  the  u n i t  was removed from the Lava A assembly j ig .  
The mechanical st._-er.gth of the  s e a l s  and tubes were t e s t e d  by 
handling the u n i t  a l t e r n a t e l y  by the two manifold tubes and 
by one of them. The metal interconnect ing tubes appeared t o  
have s u f f i c i e n t  s t reng th  t o  be able  t o  el iminate  the  Lava A 
j i g  and t o  hang the subsequently assembled u n i t s  d i r e c t l y  
from the aluminum cover p l a t e  by the manifold tubes. 
The r e s u l t s  of two-drum u n i t  2-7 demonstrated t h a t  the  general  
approach being pursued i n  the construct ion,  sea l ing ,  assembly, 
and t e s t i n g  of drums and multi-drum u n i t s  w a s  s u f f i c i e n t l y  
promising t o  be adopted with modifications and improvements 
f o r  the construct ion and assembly of multi-drum modules r e -  
quired f o r  the  one -man e1ectrolysl .s  un i t .  
8.2 GAS-TIGHT, EIGHT-AMPERE TEST U N I T  (NUMBER 2 - 8 )  
8.2.1 Introduct icn 
Assembly and t e s t i n g  of a one-drum C02 e l e c t r o l y s i s  u n i t  was 
undertaken t o  obtain information on (a) co r r e l a t i on  between 
room-temperature and high-temperature leak t e s t s  and (b) t o  
serve a s  a bas i s  f o r  comparison of the pressure drop across  
the  manifold-to-drum interconnecting tubes and the current -  
vol tage cha rac t e r i s t i c s  of a one-drum u n i t  versus the mult i -  
drum u n i t s  r e q u i r e i  f o r  the one-man un i t .  
Unit 2-7, which ju s t  met the two-minute minimum At/Ap t e s t  
c r i t e r i o n ,  produced oxygen a t  high temperature a t  a r a t e  of 
4 A per  c e l l  f o r  four c e l l s  a t  -100% faradaic  current  e f f i -  
ciency and with a Cog content from leakage of -5% volume. 
Further co r r e l a t i on  w a s  required t o  lend general  v a l i d i t y  t o  
the room-temperature tests f o r  drums and 2 u n i t s  (e lec t ro lyzers  
using drums) exceeding the minimum time of two mirmtes by a 
f ac to r  of t en  o r  be t t e r .  
Uniform p a r a l l e l  Cop flow between drums (equal flow r a t e s  i n  
m u l t i - d m  e l e c t r o l y s i s  u n i t s  i s  required. To achieve these 
cundit ions,  the  pressure drop across  the i n l e t  metal gas por t s  
(between drums and i n l e t  alumina manifold tube) should be a t  
l e a s t  a f ac to r  of t e n  g rea te r  than the pressure drop down the 
alumina manifold tube and uniform from drum t o  drum. In  the 
previous ceramic bodies of u n i t  2-4, i n l e t  and o u t l e t  por t  
holes d r i l l e d  i n  the  bodies between the c e l l  and the i n l e t  
and o u t l e t  manifold were of -0.10 cm i.d. For a flow of 
-160 ml/min of COZ, the  pressure drop across  the por t  holes 
of each s e t  of manifold chambers w a s  ~ 0 . 5  inch of water 
(-0.02 ps i ) .  The present  drum-to-manifold iqterconnecting 
metal tubes a r e  of the same 0.10 cm i .d.  but ars 2.54 cm 
long, 1 f a c t o r  of 3 t o  4 longer than the 2-4 por tb-  i n  order 
t o  increase the pressure drop by an equivalent  factoi:- The 
pressure drop across  a o n e - d m  2 u n i t  can then be corr t1a-  
t ed  with the pressure drop across  a multi-drum 2 u n i t  at t k s  
same gas flow per d m ,  taking i n t o  considerat ion the increase 
of t o t a l  gas flow ins ide  the alumina manifold tubes with i n -  
creasing number of drums. 
High conversion of C02 t o  CO per  pass through the drums i s  r e -  
quired f o r  opttmal operation of the CO d ispropor t ionat icn  
reac tor .  LocaL non-uniform buildup of CO o r  concentration 
gradients  from the  cathode surface t o  the  bulk gas phase can 
occur due t o  inadequate mixing. Higher than average values 
of CO a t  the e lec t rode  can lead t o  deposi t ion of carbon, 
blocking of the e lec t rode ,  and eventual  reduction of the e l ec -  
t r o l y t e  surface.  Adequate mixing of the gas must be obtained 
ins ide  the drum f o r  the operating condit ions chosen. Opera- 
t i o n a l  da ta  on the  allowable upper l i m i t s  f o r  conversion per 
pass as a funct ion of flow r a t e ,  current  densi ty ,  and tempera- 
t u r e  i s ,  therefore ,  required f o r  a one-drum Z u n i t  t o  serve 
a s  a bas i s  of comparison with r e s u l t s  from multi-drum Z 
uni t s .  
8.2.2 Assembly 
The d e t a i l s  of the  f a b r i c a t i o n  and leak  t e s t i n g  of t h i s  one- 
drum u n i t ,  2-8, w i l l  follow i n  genera l  the  d e s c r i p t i o n  p rev i -  
ously  presented f o r  u n i t  2-7 above and i n  Sect ion 6. The 
des igna t ion  of the  drum i s  F-163. The top  and bottom e l e c t r o -  
l y t e  d i sks  of the  drum a r e  0.089 and 0.090 inch (0.23 cm) i n  
th ickness ,  r e spec t ive ly .  The disk-to-body s e a l s  a r e  of the  
edge type made wi th  Au and descr ibed i n  sub-sect ion 4.2.1. 
The general  arrangement of drum and manifold tubes connected 
by P t  a l l o y  tubes  i s  s i m i l a r  t o  Unit 2-7. The P t  a l l o y  tubes 
were brazed t o  the  alumina manifold tubes by means of A-u-Ag 
a l l o y  mel t ing a t  100O0C. P-f ter  seal -up the  b t l ~ p  tes t  (see  
d e s c r i p t i o n  i n  Sect ion 7) was c a r r i e d  ou t  wi th  Unit 2-8 r e -  
maining i n  the  Lava A s e a l i n g  j i g .  The t e s t  r e s u l t  was 20 
minutes. I n  c o n t r a s t  t o  u n i t  2-7, u n i t  2-8 w a s  removed from 
the  Lava A s e a l i n g  j i g  and hung from the  aluminum c losure  
p l a t e  of the  m u l l i t e  envelope by means of  the  alumina manifold 
tubes. The P t  a l l o y  tubes and seals were s u f f i c i e n t l y  s t r o n g  
mechanically t o  hold the  drum i n  place  without  a d d i t i o n a l  sup- 
por t .  The tube bends a l low r e l i e f  of s t r e s s  t r ansmi t t ed  from 
t h e  alumina tubes.  The two c e l l s  were e l e c t r i c a l l y  connected 
i n  s e r i e s  and c u r r e n t  and vol tage  leads  were a t t ached  and 
E 
taken t o  the  ou t s ide  through the aluminum c losure  p l a t e .  A f t e r  
p l ac ing  i n t o  t h e  e x t e r n a l  mullite envelope and making a gas- 
t i g h t  connection between the  envelope and the  c losure  p l a t e ,  
a d t / ~ p  t e s t  r e s u l t  of 20 minutes w a s  obtained. The u n i t  w a s  
t hen  placed i n  opera t ion  a t  -850°c. 
8.2.3 Tes t ing  
Prel iminary Experiments 
Experiments involving e l e e  trochemical  oxygen t r a n s  Eer between 
t h e  ou t s ide  chamber of the  m u l l i t e  envelope and the  i n s i d e  
chamber of the drum, e l e c t r o l y t i c  decomposition of C02, and 
measuremerit of c e l l  vo l tages  a:ld f a r a d a i c  oxygen e f f i c i e n c i e s  
ind ica ted  t h a t  the  top  c e l l  of t h i s  drum w a s  shor t - c i r cu i t ed .  
C02 e l e c t r o l y s i s  i n  u n i t  2-8 wi th  the  top  c e l l  s h o r t - c i r c u i t e d  
was continued f o r  near ly  two days a t  a n  Gxygen output  of -5 
mllmin. Gas chromatographic a n a l y s i s  ind ica ted  the  presence 
of only 0.05 t o  6.06 volume% CO? i n  t h i s  oxygen stream. D e -  
t a i l s  of the  gas chromatographit ana lyses  a r e  presented below. 
The u n i t  was then shu t  o f f  a r ~ d  cooled down t o  room temperature 
f o r  examination of the  wiring.  The discovery of an e l e c t r i c a l  
connection ins ide  the drum between the  two inner  e l ec t rodes  
and the  top s e a l  requi red  t h a t  the  two leads  from the i n t e r n a l  
e l e c t r o d e s  be in terconnected e x t e r n a l l y  t o  a common 0.040-inch Au 
c u r r e n t  lead and t h a t  the  two c e l l s  be operated independently. 
A probable explanat ion f o r  the  i n t e r n a l  s h o r t  i n  drum F-163 i s  
t o  be found i n  sub-sect ion 4.2.1. A f t e r  rewir ing and re-assembly 
i n  the  m u l l i t c  envelope, the ~ t / ~ p  test  gave a reading again  
of 20 minutes. Unit 2-8 was then put  back i n t o  opera t ion  a t  
-870°C. The value of the  room-temperature b t / ~ p  t e s t  as a 
d iagnos t i c  t e s t  f o r  drums and assembled u n i t s  i s  c l e a r l y  
e s t a b l i s h e d  by these  r e s u l t s .  
Before proceeding wi th  the e l e c t r o l y s i s  experiments,  a pressure  
gauge capable of measuring 0 t o  15 inches  water  pr, P S S U Y ~  was 
i n s t a l l e d  i n  the  CQ2 l i n e  between the  water  bubbler and the  
i n l e t  alumina manifold tube of Unit 2-8. The pressure  drop a t  
var ious  flow r a t e s  of C02 w a s  measured wi th  u n i t  2-8 a t  -8700C. 
The r e s u l t s  a r e  shown i n  Fig. 8-3. 
E l e c t r o l v s i s  
E l e c t r o l y t i c  oxygen t r a n s f e r  experiments from the  o u t e r  cham- 
ber t o  the  drum chamber were made t o  p r e - t r e a t  the  e l ec t rodes  
and t o  use as re ference  f o r  conparison purposes wi th  C02  e l e c -  
t r o l y s i s  experiments made under similar condit ions.  A constant  
c u r r e n t  of 1 t o  4 A w a s  passed through each c e l l  (50 t o  200 
rnA/cmZ) over a per iod of s e v e r a l  days t o  ob ta in  r e l a t i v e l y  
s t a b l e  vo l tage  values.  Current-voltage d a t a  f o r  the  top  and 
bottom c e l l s  a r e  p l o t t e d  i n  Fig. 8-4. The appl ied  vol tage  
values  a r e  obtained by means of vo l tage  probes and can be 
assumed e s s e n t i a l l y  f r e e  of l ead  I R  losses .  The cu r ren t s  a r e  
always measured us ing  shunts  having an accuracy of +0.2% a t  
2 and 4 A. Except dur ing  experiments,  C02  e l e c t r o l ~ s i s  was 
continued a t  4 A per  c e l l .  The C 0 2  flow r a t e  t o  the  u n i t  was 
maintained a t  140 ml/min. 
The f a r a d a i c  c u r r e n t  e f f i c i e n c y  was monitored a t  f requent  i n -  
t e r v a l s  us ing  soap bubble flow meters t o  measure the  oxygen 
production rate. The f a r a d a i c  c u r r e n t  e f f i c i e n c y  f o r  oxygen 
t r a n s f e r  and C02 e l e c t r o l y s i s  under the  condi t ions  descr ibed 
was e s s e n t i a l l y  100%. A t  250C, one atmosphere, and f o r  a t o t a l  
c u r r e n t  of 8 A, the  oxygen production rate should be 30.4 
ml/min. Uncorrected d a t a  from the  bubble meter gave the  f o l -  
lowing t y p i c a l  va lues :  
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Oxygen t r a n s f e r  - 30.5, 30.8 ml/min a t  22.0°c 
C02 e l e c t r o l y s i s  - 30.3, 30.3 ml/min a t  2 3 . 3 ' ~  
31.1, 31.3 ml/min a t  ~ 7 . 2 ~ ~  
The vol tage  values  f o r  the  ind iv idua l  c e l l s  of u n i t  2-8 ( ~ i g .  
8-4) a r e  higher than those of u n i t  2-7 (Fig. 8-2) f o r  e l e c -  
t r o l y t i c  0 2  t r a n s f e r  and C02 e l e c t r o l y s i s .  The higher  va lues  
a r e  d i r e c t l y  a sc r ibab le  t o  the  higher  I R  drop across  the  c e l l s  
because of the  th ickness  of the  e l e c t r o l y t e  d i s k s ,  0.090 
versus  0.050 inch. The vol tage d i f f e r e n c e  f o r  C02 e l e c t r o l y -  
s i s  minus O2 t r a n s f e r  f o r  the c e l l s  i n  each Z u n i t  correspond 
r e l a t i v e l y  c l o s e l y  al though some d i f f e r e n c e s  i n  C02 flow r a t e  
and temperature e x i s t .  
The e l e c t r o l y t i c a l l y  produced oxygen was monitored f o r  C02 a t  
f requent  i n t e r v a l s  by the  gas chromatographic technique d i s -  
cussed below. The C02 content  i n  the  oxygen stream w a s  <0.01% 
corrobora t ing  the  ex i s t ence  of g a s - t i g h t  s e a l s  found by the  
room-temperature h t /bp  test .  For u n i t  2-8 the  oxygen produc- 
t i o n  cu r ren t  e f f i c i e n c i e s  and the  f a r a d a i c  oxygen cu r ren t  e f -  
f i c i e n c i e s  a r e  equiva len t  because of the  absence of a ?eak 
between the cathode and anode gas chambers. 
Gas Analysis  
Analysis  f o r  C02 contained i n  the  oxygen stream produced by 
e l e c t r o l y s i s  of C02 i s  monitored by gas chromatography. A 
Varian Aerograph model 1720-1 gas chromatograph wi th  a four-  
f i l ament  thermal conduct iv i ty  d e t e c t o r  us ing  type WX f i laments  
was used here a s  w e l l  a s  f o r  e a r l i e r  m u l t i - c e l l  t e s t  e l e c t r o -  
lyze r s .  For the  sepa ra t ion  of the  C02 from oxygen, Poropak Q 
and molecular s i eve  columns a r e  connected i n  s e r i e s  wi th  pro- 
v i s i o n  t o  bypass the  molecular s i eve  column by means of an 
e x t e r n a l l y  operated valve.  Samples of 0 .5  m l  taken wi th  a  
Hamilton gas syr inge from the oxy4en stream a r e  in jecte .1  i ~ t o  
the  column por t .  Chromatograms and t h e i r  i n t e g r a t i o n  a r e  ob- 
t a ined  on a Hewlett-Packard model 7101B ten- inch s t r i p  c h a r t  
recorder  wi th  17501A input  module, 17107A input  f i l t e r  and 
d i s k  i n t e g r a t o r .  The re spons iv i ty  of t h e  d e t e c t o r  t o  C02 and 
O2 i s  c a l i b r a t e d  by us ing  the  pure gases. Af te r  the  p re l imi -  
nary i n d i c a t i o n s  of g a s - t i g h t  s e a l s  noted above, f u r t h e r  t e s t -  
i n g  was c a r r i e d  out  wi th  the  rewired 2-8 u n i t .  A t  an output  
r a t e  of oxygen -30 ml/min wi th  e l e c t r o l y s i s  a t  4 A per  c e l l ,  
no C02 was de tec tab le  i n  the  O2 s tream, as can be seen i n  
Fig. 8-5 from the  f l a t  base l i n e .  An a t t e n u a t i o n  f a c t o r  of 
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u n i t y  f o r  C02 and times 64 f o r  the oxygen peak i s  used. Fo: 
compari.:c4n, a 0.5 m l  a i r  sample containing 0.06% C 0 2  i s  
shown Cn Fig. 8-6. With C02 e l e c t r o l y s i s  reduced t o  an oxy- 
gen output  r a t e  of -6 ml/min o r  -115 of the  4 A per c e l l  r a t e ,  
the  C 0 3  content  i n  the  oxygen stream i s  ca lcu la t ed  t o  be 0.03% 
as s h o k  i n  Fig.  8-7. The lower l i m i t  of d e t e c t a b i l i t y  by 
the  present  a n a l y t i c a l  technique is 0.01% C02 i n  02. 
Life  Test ing 
The e l e c t r i c a l  performance of u n i t  2-8 dur ing t e s t i r - g  i s  shown 
i n  Table 8-3 as a func t ion  of number of days of operat ion.  
Table 8-3 
PERFORMANCE OF U N I T  2-8 DURING 
CO., ELECTROLYSIS AT 4 A PER  CELL^ L 
a~arada!.c c u r r e n t  e f f i c i e n c y  was -100% and C02 i n  O2 was ~ 0 . 0 1 %  
throughout t h i s  period. 
b ~ n i t i a l  vo l tage  on s t a r t -up .  
6 
Days of Operation 
r 
1 
1. 
2 
9 
13 
11 
12 
13  
16 
17 
19 
20 
23 
26 
31 
31 
APPLIED VOLTAGE (v) 
v 
Top C e l l  Bottom C e l l  
e l e c t r o l y t i c  02 t r a n s f e r  
2*27b 2.21b 
1.93 1.95 
2.04 1.95 
2.00 2.01 
1.98 1.. 92 
1.95 1.93 
1.98 1*98  
1.95 2.06 
2.01 2.13 
1.96 2 823 
1.96 2.22 
1.96 2.48 
2.00 2.59 
1.95 2.b3 
c u r r e n t  o f f  f o r  TC r e p a i r  
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A t  the  end of 30 days of opera t ion  the  c u r r e n t  t o  both c e l l s  
was shut  o f f  t o  purge the  l i n e  from CO befcre  proceeding t o  
r e p a i r  a thermocouple break on top of the  m u l l i t e  tube c losure  
p l a t e .  Except f o r  some r i s e  i n  vo l tage  of the  bottom c e l l ,  
u n i t  2-8 operated f l awless ly  dur ing t h i s  period.  Before con- 
t i n u i n g  wi th  C 0 2  e l e c t r o l y s i s ,  s e v e r a l  hours of e l e c t r o l y t i c  
02 t r a n s f e r  from 1 t o  4 A was c a r r i e d  out .  Cog e l e c t r o l y s i s  
was then continued wi th  100% f a r a d a i c  c u r r e n t  e f f i c i e n c y  and 
absence of C02 i n  the  O2 being produced. 
The f i r s t  s i g n  of dev ia t ion  £roo near p e r f e c t  opera t ion  of 
u n i t  2-8 was noted i n  a drop i n  the  c u r r e n t  e f f i c i e n c y  value 
and a l a rge  r i s e  i n  the  voi tage  of  the  top  c e l l  on day 37  a f t e r  
the  usua l  unattended continuous ope ra t ion  over the  weekend. 
When the  c u r r e n t  t o  the  top  c e l l  w a s  turned o f f ,  t he  c u r r e n t  
e f f i c i e n c y  ( f o r  opera t ion  of the  bottom c e l l  by i t s e l f )  r e -  
covered, but  f o r  the  f i r s t  time i n  t h e  ope ra t ion  of u n i t  2-8 
the  presence of s i g n i f i c a n t  C02 w a s  de tec ted  i n  the  oxygen 
stream. The cu r ren t  t o  the  bottom c e l l  w a s  then a l s o  turned 
c f f  because i t  w a s  noted t h a t  cor ros ion  of the  pressure  gauge 
had occurref: by the  a c t i o n  of the  water  vapor from the  bubbler ,  
and reddish-brown water  had condensed o u t  and c o l l e c t e d  i n  the  
C02 l i n e  downstream from the  pressure  gauge. No obvious con- 
nec t ion  between the  performance of the  top  c e l l  and poss ib le  
contamination w i t h  s o l i d  cor ros ion  products could be esta- 
bl ished.  The gauge w a s  removed from the  l i n e .  Fur ther  t e s t -  
i n g  of the  u n i t  by means of  e l e c t r o l y t i c  O2 t r a n s f e r  exper i -  
ments aga in  i n d i c a t e d a s e v e r e  rise i n  t h e  vol tage  of the  top 
c e l l .  Continuation of Cog e l e c t r o l y s i s  experiments i n  absence 
and presence of c u r r e n t  t o  the  top  c e l l  c l e a r l y  e s t a b l i s h e d  
the  top  c e l l  as the  source of  the  drop i n  c u r r e n t  e f f i c i e n c y  
and the  C02 leak.  A l i s t i n g  of these .exper iments  i s  given 
i n  Table 8-4. 
The opera t ion  of u n i t  2-8 w a s  d iscont inued i n  favor  of d i s -  
assembly f o r  f u r t h e r  room-temperature examination. A f t e r  r e -  
moval from the  furnace and removal of the  u n i t  from the  en- 
velope,  l eak  checks were made. P ressu r i z ing  t o  twelve inches 
of  water  gave no leaks  a t  the  seals us ing  l eak  check f l u i d .  
P r e s s u r i z i n g  t o  s i x  inches of water wi th  Freon-12 and us ing  
the  halogen leak  d e t e c t o r  showed t h a t  t h e  major leak  appeared 
t o  be through the  top  disk.  Repressur iz ing t o  s i x  inches cf 
water  and paintirrg the top  d i sk  over the  g r i d  wi th  water 
i n d i c a t e d  t h a t  t h e  leak  r a t e  f e l l  d r a s t i c a l l y  as the  sur face  
of the  d i s k  was covered wi th  water .  Therefore,  i t  was con- 
firmed t h a t  the re  were no leaks  a t  the  s e a l s  but  the re  was a 
Table 8-4 
PERFORMANCE OF UNIT 2-8 AFTER 31 DAYS 
a~peration interrupted on day 31 to repair thermocouple break. 
qlncorrected for room temperature f luctations. 
C~nitial voltage on start-up. 
dOp(n-circuit cell voltage. 
eElectrolytic oxygen transfer at 4 A. 
'current through cells at 2 A. 
b 
C02 in 
O2 (9.1 
- 
<Om01 
7.3 
3.4  
7.4 
- 
Days of 
Operation 
32 
32 
33 
33 
37 
38 
38 
39 
40 
40 
L 
APPLIED VOLTAGE (v) 
Top Cell Bottom Cell 
electrolytic O2 transfer 
2.51' 2.74" 
2.48 2 64 
1-98 2.14 
-2.9 -2.4 
0. 89d 2.42 
current off - re- 
moved pressure gauge 
3. 64e 1. 65e 
0.85~ 2.47 
3.13~ 2.31~ 
Faradai 
C.E. (%) 
98 
101 
95 
102 
84 
99 
101 
100 
90 
l eak  through the  top d i sk .  The drum was then s l i c e d  through 
t h e  middle of the  drum body p a r a l l e l  t o  the  d i s k s  t o  examine 
the  top-and  bottom d i s k s  from the  ins ide .  The i n s i d e  g r i d  of 
the  bottom d i s k  remained adherent  t o  the  d i s k  surface.  
Except f o r  a p u r p l i s h  t inge  on the  su r face  of the  d i s k  on 
pee l ing  back t h e  g r i d ,  no changes from i t s  o r i g i n a l  appear- 
ance were noted. The g r i d  of the  top  d i s k  appeared t o  have 
been removed dur ing  the  sawing. P ieces  of the  ceramic e l e c -  
t r o l y t e  were pu l l ed  ou t  of the  i n s i d e  su r face  a long w i t h  the  
g r id .  Major damage t o  the  top  d i s k  appeared t o  have taken 
p lace  i n  a 1/4  t o  318  inch band around the  per imeter  of  the  
g r i d  c i r c l e .  From the  phys ica l  appearance of the  inne r  s u r -  
f ace  of the  top  e l e c t r o l y t e  d i s k  and i t s  cur ren t -vol tage  be- 
havior  i n  c o n t r a s t  t o  the  bottom d i s k ,  i t  may be concluded 
t h a t  the  l o s s  of a l a rge  f r a c t i o n  of e l e c t r o d e  con tac t  a r e a  
occurred between day 33 and 3 7  of ope ra t ion  (see  Table 8-41. 
As a consequence, high c u r r e n t  d e n s i t y  a r e a s  near the  perime- 
t tL  produced l o c a l  hea t ing  lead ing  t o  a runaway condi t ion  and 
e l e c t r o d e - e l e c t r o l y t e  breqkdown. Previous measurements of the  
su r face  conduct iv i ty  from t h e  c e n t e r  t o  the  per imeter  and t h e  
p resen t  r e s u l t s  i n d i c a t e  t h a t  the  e l ec t rode  g r i d  s t r u c t u r e  
should be modified by the  a d d i t i o n  of  cur ren t -car ry ing  e l e -  
ments on the  e l e c t r o d e  su r face  t o  mainta in  uniform c u r r e n t  
d e n s i t y  over the  whole 20 cm2 e l e c t r o d e  a rea .  It s i ~ o u l d  be 
noted t h a t  5 cm2 area e l e c t r o d e s  of similar cons t ruc t ion  on 
smal l e r  d i s k s  a t  100 m/cm2 C02 e l e c t r o l y s i s  showed no d e t e r i -  
o r a t i o n  of e l e c t r i c a l  o r  mechanical p r o p e r t i e s  of the  e l e c -  
t rodes  o r  e l e c t r o l y t e  a f t e r  3 months of  continuous ope ra t ion  
( ~ e f .  2) .  
8.3 ELECTROLYZEK-REACTOR SYSTEM OF ONE-MAN CAPACITY (12 7 A) 
8.3.1 E lec t ro lyze r  Test  Stand 
A m u l t i - s t a t i o n  t e s t  s tand  has been constructed t o  accommodate 
t h e  t e s t  ope ra t ion  of s e v e r a l  e l e c t r o l y z e r s  concurrently.  The 
s t and  incorpora tes  common carbon dioxide and oxygen supp l i e s  
from cy l inde r s  which can be metered i n d i v i d u a l l y  t o  each sta- 
t ion .  The oxygen output  from each s t a t i o n  can be manifolded 
t o  a common vent  o r  s e n t ,  i n d i v i d u a l l y  o r  i n  combination, 
through a soap bubble flowmeter t o  monitor the  r a t e .  The 
cO/c02 output  from each s t a t i o n  can be routed  i n d i v i d u a l l y  o r  
i n  combination d i r e c t l y  t o  a n  exhaust  vent  o r  through a 
heated r e a c t o r  f o r  the  d i sp ropor t iona t ion  of carbon monoxide 
t o  carbon dioxide and carbon. 
A sczhematic representation of the gas flow sys tem avai lable 
a t  each t e s t  s t a t i o n  i s  given i n  Fig. 8-8. The incoming, 
metered C02 i s  humidified a t  ambient by sparging through 
water. The pressure drop across the C02 i n l e t  t o  cO/c02 
e x i t  s ide  of the e lec t rolyzer  i s  measured with a dip-tube 
manometer using water as the working f lu id .  This manometer 
a l s o  serves as an overpressure safe ty  re lease ,  preventing 
f u l l  C02 l i n e  pressure from being impressed on the e lec t ro lyzer  
should a l i n e  become plugged. A l l  tubes, f i t t i n g s ,  and valves 
i n  the oxygen and cO/c02 e x i t  l i nes  have a minirmnn diameter of 
6.3 mm t o  minimize back pressure on the e lec t rolyzer .  
A schematic representat ion of the e l e c t r i c a l  system avai lable 
a t  each t e s t  s t a t i o n  i s  given i n  Fig. 8-9. The DC power sup- 
ply may be operated i n  e i t h e r  a constant voltage or  constant 
current  mode with current l imi ter .  The output current can be 
measured and regulated accurately by use of the shunt. Thir- 
teen t e s t  taps a r e  avai lable fo r  measurements of EMF values 
from within the e lec t rolyzer  . Three thermocouple pa i r s  a re  
a l s o  provided. Each s t a t i o n  contains an . e l e c t r i c  furnace with 
accompa-,ing AC power supply and temperature control ler .  
8.3.2 Reactor 
A reactor  f o r  the disproportionation of CO t o  carbon and C02 
consis ts  of a carbon s t e e l  tube, 76 mm iod. by 1.68 m long. 
The ends are closed with welded s t e e l  p l a t e s  accommodating 
small diameter i n l e t  and e x i t  tubes. A furnace with cyl in-  
d r i c a l  heating elements 460 nun long surrounds the reactor  tube 
concentrically.  The furnace can be moved along the length 
of the tube t o  provide new heated volume as the previously 
heated sect ion f i l l s  with carbon deposit.  A schematic repre- 
senta t ion of the reac tor  flow system is presented i n  Fig. 
8-10. Analytical  sample por ts  have been provided so tha t  the 
composition of the  gas stream before and a f t e r  the reactor  
may be determined. Samples a re  taken by hypodermic syringe 
through a septum i n  the port .  A provision has been made t o  
f lu sh  the reac tors  with nitrogen p r i o r  t o  introduction of 
CO,  i f  required. The reactor  and bypass-vent l i nes  a re  con- 
nected through a dip-tube manometer ( iden t i ca l  t o  those used 
i n  t h ?  e lec t ro lyzer  s t a t i o n  flow system). This manometer 
measlltes the pressure drop through the  reactor  and a l so  serves 
as an overpressure re lease  should the reactor  become plugged. 
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8.3.3 250-Hr C02 E l e c t r o l y s i s  Life  Test  
The cons t ruc t ion  of u n i t s  2-9, 2-10, 2-11, and 2-12 has been 
descr ibed i n  d e t a i l  i n  Sect ion 6. Each of the u n i t s  c o n s i s t s  
of s i x  drums o r  twelve c e l l s  connected i n  s e r i e s  e l e c t r i c a l l y  
and having p a r a l l e l  gas flow manifolding. The z i r c o n i a  d i s k s  
were sea led  t o  z i r c o n i a  drum bodies by means of b u t t  s e a l s  i n  
u n i t  Z - 9  and edge s e a l s  i n  u n i t s  2-10, 2-11, and 2-12 a s  d i s -  
cussed i n  Sect ion 4. The capac i ty  of each u n i t  f o r  e l e c t r o -  
l y t i c  O2 production i s  r a t e d  a t  48 A f o r  opera t ion  at. a cur .  
r e n t  d e n s i t y  of 200 rn~/cm2. 
Unit Z-10, a f t e r  assembly and room-temperature t e s t i n g  f o r  
gas leaks  and e l e c t r i c a l  s h o r t s ,  w a s  connected t o  the  
m u l t i - s t a t i o n  t e s t  s tand  f o r  prel iminary t e s t i n g  and evalua- 
t i o n  of a six-drum, twelve-cel l  C02 e l e c t r o l y z e r  module. A 
photograph of a six-drum Z u n i t  i s  shown i n  Fig. 8-11. This  
was before assembly i n t o  the  o u t e r  envelope. Other s t ages  of 
the  assembly of Z u n i t s  are shown i n  Figs.  6-1 t o  6-5 above. 
The schematic diagram f o r  u n i t  2-10, which i s  s imi1a : r fo r the  
o t h e r  six-drum Z u n i t s ,  i s  presented i n  Fig. 8-12. The 
diagram shows the  c u r r e n t  leads  t o  t h e  power supply,  the l o -  
c a t i o n  and numbering of the  vol tage  test probes f o r  i3I.l of 
t he  twelve c e l l s ,  and the  l o c a t i o n  of t he  th ree  P t / P t  10%Rh 
thermocouples. The p o l a r i t y  i s  shown f o r  C02 e l e c t r o l y s i s  
as c a r r i e d  out  i n  the  Z u n i t s  wi th  the  cathode chambers lo -  
ca ted  on the  i n s i d e  of the  drums and the  e l e c t r o n s  and oxide 
i o n s  flowing i n  the  d i r e c t i o n  of inc reas ing  numbers. The 
p o l a r i t y  i s  reversed  f o r  e l e c t r o l y t i c  02 t r a n s f e r  from the 
o u t e r  chamber t o  the  i n s i d e  of  the  d~ums.  The e l e c t r o d e s  
were p r e t r e a t e d  by e l e c t r o l y t i c  oxygen t r a n s f e r  i n  both 
directions a s  previously  descr ibed f o r  u n i t s  2-7 and 2-8. 
C02 e l e c t r o l y s i s  w a s  c a r r i e d  o u t  a t  860 t o  870% a t  3.5 A 
p e r  c e l l  o r  a t  a t o t a l  capac i ty  of 42 A f o r  a period of two 
days. At 3.5 A per  c e l l  (42-A t o t a l )  the  oxygen flow r a t e  
obtained from the  decomposition of the  C02  was 158 t o  160 
ml/min ( t h e  t h e o r e t i c a l  r a t e  i s  159 ml/min a t  2 5 O ~ ,  1 atm) 
us ing  a soap bubble flow meter. The f a r a d a i c  cu r ren t  e f f i -  
c iency was -100% uncorrected f o r  the  CO content  i n  the  O2 6 stream. Analysis  of the  oxygen stream y gas chromatography 
( see  sub-sect ion 8.2.3 f o r  d e t a i l s ?  gave a value of 1.6% f o r  
t h e  Cop content .  Unit 2-10 was shu t  o f f  and cooled down t o  
room temperature. The e l e c t r o l y t e  th ickness  of the  c e l l s  
i n  u n i t  2-10 and those i n  u n i t s  2-11 and 2-12 a r e  given i n  
Table 8-5. 
F i g .  8 -11 Close-Up V i e w  of Six-Drum Elec t ro lyze r  
TOP THERMOCOUPLE 
F-184 . BOTTOM THERMOCOUPLL 
6- 
Numbers 1 to 13 - voltage probes 
@,$ - leads  to power supply 
Fig. 8-12 Schematic of Unit 2-10 
I 
1' I + -2 - 0 F-182 I MIDDLE THERMOCOIPLE -- 
Table 8-5 
127-A ELECTROLYZER ELECTROLYTE THICKNESS 
a ~ h e  e lectroded areas of these d i sks  were machined 
down t o  the thickness shown. For s e a l i n g  edge 
thickness values  see Table 4-5. 
Unit 
2-10 
I 
2 - l l a  
2-12 
; 
Drum 
F-175 
F-176 
F-182 
F-183 
F-184 
F-185 
F-172 
F-173 
I!-174 
F-178 
F-I79 
F-181 
F-167 
F-171 
F-188 
F-189 
F-190 
F-191 
ELECTROLYTE 
TOP 
0.060 
G.061 
0.066 
0,060 
0.066 
0.058 
0,045 
0.045 
0.045 
0.047 
0.045 
0.046 
0,080 
0.075 
0.085 
0,076 
0,084 
0.084 
THICKNESS 
Bottom 
0,060 
0.061 
0,066 
0.060 
0,066 
0.065 
0,045 
0.045 
0.045 
0,047 
0.045 
0.046 
0.078 
0.073 
0.085 
0.078 
0.084 
0.084 
(INCHES) 
Average 
0.062 
(0,159 cm) 
0,045 
(0.114 cm) 
0.081 
(0,204 c:n) 
Units  Z - 1 1  and 2-12, a f t e r  completion of assembly and room- 
temperature t e s t i n g ,  were connected i n  the  t e s t  s tand alorlg 
wi th  u n i t  2-10 f o r  opera t ion  a t  the  one-man o r  127-A capacit :  
l eve l .  Gxygen was passed e l e c t r o l y t i c a l l y  a t  a r a t e  equiva- 
l e n t  t o  1 t o  3 A per c e l l  from drums t o  envelope and from 
envelape t o  drums i n  each u n i t  t o  p r e - t r e a t  the  e l ec t rodes  
before i n i t i a t i o n  of C 0 2  e l e c t r o l y s i s .  C02 e l e c t r o l y s i s  w a s  
s t a r t e d  a t  0.5 A per  c e l l  and gradual ly  r a i s e d  t o  3.5 A per  
c e l l  over a per iod of 4 hr .  The C02 flow r a t e  was ad jus ted  
t o  give a 50% conversion r a t e .  A f t e r  a t t a i n i n g  the  3.5 A per  
c e l l  r a t e ,  the  c O / C O ~  flow from the  127-A u n i t  was routed 
through the  carbon d i sp ropor t iona to r  r e a c t o r  t o  begin the  
250-hr l i f e  t e s t .  The temperature of  the  th ree  2 u n i t s  was 
i n  a range of 880 t o  8950C as measured by the  middle thermo- 
couple. The o the r  thermocouples were not s i g n i f i c a n t l y  lower. 
The r e a c t o r  temperature w a s  -5560C. A t  an opera t ing  flow 
r a t e  of -640 ml/min of C 0 2  through each sir-drum Z u n i t ,  the  
pressure  d i f f e r e n t i a l  ac ross  each 2 u n i t  ( C O ~  i n l e t  t o  C02 
o u t l e t  manifold) w a s  2.5 + 1/16 inches of water  i n  c lose  
agreement wi th  the  value F0ur.d f o r  the  one-drum u n i t  2-8 f o r  
a flow r a t e  of -107 ml/min o r  116 of 640 ml/min (see Fig. 
8 - 3 ) .  The performance of the  1 2 7 6  e l e c t r o l y z e r  as a func t ion  
of the  number of  hours on the  250-hr l i f e  t e s t  i s  presented i n  
Figs. 8-13, 8-14, and 8-15 f o r  u n i t s  Z-10, 2-11, and 2-12, 
respec t ive ly .  Shown a r e  values  pe r  2 u n i t  f o r  app l i ed  vo l t age ,  
f a r a d a i c  c u r r e n t  e f f i c i e n c y  (uncorrected f o r  the  C02  content  
and room temperature f l u c t u a t i o n s ) ,  and the  C02 content  i n  
the  02 stream. Only a gradual  r i s e  i n  C02 content  occurred 
i n  u n i t s  Z-10 and 2-11 during the  250-hr l i f e  t e s t .  I n  con- 
t rast ,  u n i t  2-12, wi th  C02 content  of 0.5% f o r  the  f i r s t  100 
h r ,  developed a leak  a f t e r  110 h r  of operat ion.  The degree 
of conversion of CO t o  C02 and casbon i n  the  r e a c t o r  w a s  a l s o  
determined p e r i o d i c a l l y  dur ing the  250-hr run by gas chromato- 
graphic  a n a l y s i s  of the  c O / C O ~  stream before and a f t e r  pass-  
i n g  through the  r eac to r .  For a C O / C O ~  stream leaving the 
e l e c t r o l y z e r  wi th  only a 53% CO conten t ,  the  CO removed dur-  
i n g  passage through the  r e a c t o r  was found t o  be 32%. Most 
of the  carbon f i l l i n g  up the  s t e e l  tube w a s  formed a t  t h i s  
r a t e .  Higher r a t e s  of CO removal a r e  e a s i l y  a t t a i n a b l e  wi th  
more complete e l e c t r o l y t i c  conversion of C02  t o  CO. The 
c a t a l y t i c  a c t i v i t y  of thz s t e e l  w a l l  i s  enhanced by the  H2 
and H 2 0  content  of  the CO-CO2 stream from the  e l e c t r o l y z e r ,  
and the  concentra t ion of H and H 2 0  can be va r i ed  by a d j u s t -  
i n g  the r a t e  of a d d i t i o n  05 Hz0 t o  the  C 0 2  feed stream t o  
the  e l e c t r o l y z e r .  Ind ica t ion  t h a t  the  working reac to r  has 
become plugged wi th  carbon and t h a t  the  spare  r e a c t o r  should 
be turned on i s  provided by the  manometer. 
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Section 9 
DISCUSSION 
9.1 PRESENT STATE OF DEVELOPMENT 
The technology required f o r  the cons t ruc t ion  and operat ion of 
C 0 2 - H Z 0  e l ec t ro lyze r - reac to r  systems based on s t a b i l i z e d  z i r -  
conia e l e c t r o l y t e  d i sks  and capable of de l ive r ing  breathable 
02 from C02 a t  a constant  rate wi th  near 100% fa rada ic  e f f i -  
ciency and 50% power e f f i c i ency  has been brought t o  a  s u f f i -  
c i e n t l y  high l e v e l  t o  allow production of u n i t s  a t  the  one- 
man l e v e l  (127 A) beyond the laboratory sca le  approaching the 
prototype stage.  
Development of an operat ing u n i t  of t h i s  s i z e  w a s  brought 
about by a program i n  which a s ca l e  f a c t o r  of 10 t o  12  w a s  
appl ied  each year s t a r t i n g  from labora tory  d i sk  c e l l s  of area 
-1 cm2 and e l e c t r o l y t i c  cur rent  of -100 mA (Refs. 1 and 2) .  
Tile a b i l i t y  t o  proceed from such s m a l l  ind iv idual  c e l l s  t c  
an  e l e c t r o l y t i c  u n i t  containing 36 e l e c t r o l y t e  d i sk s ,  each 
having a 20 cm2 e lec t rode  a r ea ,  sea led  i n t o  ceramic bodies 
wi th  high-temperature, gas- t ight  s e a l s  and containing gas 
manifolding, e l e c t r i c a l  l e ads ,  and o the r  components capable 
of opera t ion  a t  -850% has involveu so lv ing  many problems. 
As the  s i z e  of the  u n i t s  w a s  increased,  the  p r i nc ipa l  problem 
a rea s  changed, ancl a t  var ious develcrpmental s t ages  the key 
problems were ceramic f ab r i ca t i on ,  sea l ing ,  e l ec t rodes ,  gas 
manifolding, and e l e c t r i c a l  connections. E f fo r t  w a s  d i r ec t ed ,  
a t  each poin t  dur ing the scale-up process,  t o  the  so lu t i on  of 
the  most important problems i n  order  t h a t  the  development of 
l a r g e r  opera t ing  u n i t s  would not  be impeded. The 127-A 
s c a l e  i s  a convenient s i z e  f o r  app l i ca t i on  of engineering 
methods u t i l i z i n g  the  present  technology t o  develop C02-Hz0 
e l e c t r o l y z e r  modules producing oxygen as components i n  a c t u a l  
l i f e - suppor t  systems. 
The design concepts previously found t o  be u se fu l  were r e -  
t a ined  i n  the development of t h i s  techrrology. The concept 
of using components o r  sub-un i t s  w a s  r e t a ined  throughout as 
exemplified i n  the  construct ion and assembly of la rge-s ize  
mu l t i - c e l l  e l e c t r o l y z e r  modules of up t o  48-A capaci ty  as 
used i n  the one-man device. I n  p r a c t i c a l  terms, components 
and sub-uni t s  a r e  produced, t e s t e d  a t  room temperature, and 
inventoried t o  be ava i lab le  f o r  assembly i n t o  e lec t ro lyzer  
modules. The development of r e l i a b l e  sub-units o r  d a i s  of 
8-A capacity wi th  gas- t ight  edge s e a l s  has made construct ion 
of reliablemulti-cell o r  multi-drum u n i t s  p r a c t i c a l  by avoid- 
i n z  the a t t ach ing  together of a la rge  number of ceramic d isks  
and bodies i n  an unfavorable monolithic fashion. This has 
been accomplished by a t t ach ing  drums separated from one 
another on manifold tubes by means of metal gas-feed tubu- 
l a t i o n s  . 
The performanze of u n i t  2-8 i n  producing oxygen containing 
<0.01% C 0 2  shows t h a t  the  sea l ing  problem, which was the most 
ser ious  problem of t h i s  cont rac t  year ,  has been solved. 
Seals of s imi l a r  q u a l i t y  a r e  now being made with >90% y ie ld  
on drums, each of which 3 an 8-A e l ec t ro lyze r  sub-unit.  
The can i s t e r  r eac to r  used f o r  d-It..::;-.-oportionation during 
the  i d e g r a t e d  t e s t  of the one-man aiectrolvzer and reac to r  
operated a t  a s u f f i c i e n t l y  high CO conversion e f f i c iency  , 
f o r  i n l e t  CO concentration range, t o  show the a p p l i c a b i l i t y  
of t h i s  type of reac to r  f o r  the one-man level .  The can i s t e r  
r eac to r  system has the s i g n i f i c a n t  advantage of avoiding 
handling loose carbon with i t s  problems of d i r t i n e s s ,  s t a t i c  
e l e c t r i c i t y ,  and carcinogenic proper t ies .  Although the one- 
man t e s t  employed two s t e e l  pipe r eac to r s ,  one of which was 
i n  use a t  any time and the o ther  a standby, a l a rge r  system 
would use much l i g h t e r  reac to rs  of a s i z e  and number t o  be 
determined by l a t e r  optimization s tud ies  based on performance 
da t a  f o r  large-scale  operat ing un i t s .  
9.2 FUTURE DEVEUPMENT 
The next s tage i n  the  development of CO2-Hz0 e l e c t r o l y s i  - 
modules capable of supplying oxygen f o r  aerospace l i f e  s - ~ p -  
po r t  should cons i s t  of improving the design,  components, and 
f ab r i ca t i on  procedures of u n i t s  of approximately the present 
one-man (127-A) s i z e  and of obtaining operat ional  and long- 
term r e l i a b i l i t y  da t a  f o r  such un i t s .  Further increase i n  
e l ec t ro lyze r  s i z e  by a f ac to r  of 10 t o  12 ,  a s  was done under 
t h i s  program i n  the pas t ,  does not appear t o  be warranted 
inasmuch as the a t t a ined  u n i t  s i z e  i s  close t o  t h a t  des i rab le  
f o r  modules of the  4 t o  10 man missions f o r  which t h i s  system 
i s  contemplated. Areas i n  which add i t iona l  work should be 
done a r e  as follows : 
(1) The e lec t rodes  should be modified t o  permit h igher  
cu r ren t  dens i ty  opera t ion ,  improve adhesion t o  the  
e l e c t r o l y t e ,  prevent non-uniform cur ren t  d i s t r i b u -  
t i o n ,  and reduce the r e s i s t a n c e  of the  e l e c t r o d e -  
e  l e c  t r o l y t e  i n t e r f a c e .  These goals  can be approached 
kg b e t t e r  c o n t r o l  of the depos i t ion  of the porous 
e l e c t r o d e  f i l m ,  b e t t e r  g r i d  design,  and the  use of 
materials having higher  e l e c t r i c a l  conduc t iv i t i e s .  
( 2 )  E l e c t r i c a l  l eads  of  higher  conduct iv i ty  should be 
used. 
3 The gas flow p a t t e r n  can probably be improved by 
modifying the  metal tubu la t ions  t o  c r e a t e  a d d i t i o n a l  
mixing i n s i d e  each drum and a l s o  t o  allow more pre-  
c i s e  c o n t r o l  over the  gas d i s t r i b u t i o n  among the  
drums. 
( 4 )  E l e c t r o l y t e  d i s k s  of laver poros i ty  can be made by 
a d j u s t i n g  the  parameters of the  hot-press ing process 
Very low gas leakage through the  improved s e a l s  has 
l e d  t o  d e t e c t i o n  of a con t r ibu t ion  t o  leakage from 
r e l a t i v e l y  t h i n  d isks .  
(5) Although the  present  scand ia - s t ab i l i zed  z i r c o n i a  
e l e c t r o l y t e  i s  s a t i s f a c t o r y ,  o t h e r  compositions 
should be i n v e s t i g a t e d  f o r  improved i o n i c  conduc- 
t i v i t y ,  b e t t e r  machinabi l i ty ,  and lower poros i ty .  
(6) The s i z e  of each c e l l  could be increased by i n c r e a s -  
i n g  the  d i s k  diameter  o r  by applying e l ec t rodes  t o  
a l a r g e r  p a r t  of the  d i s k  of the  present  s i z e .  The 
d i s k s  now being used have an a r e a  of 30 cm2 and t h e  
present  e l ec t rod2  a r e a  i s  20 cm2. Seal ing i n  the  
edge-sealed con£ i g u r a t i o n  allows almost the  e n t i r e  
d i s k  sur face  t o  be used f o r  e l e c t r o d e s  i n  c o n t r a s t  
t o  the  butt  s e a l s  where a s i g n i f i c a n t  a r e a  was re- 
qui red  a s  p a r t  of  the  s e a l  and w a s  unavai lable  f o r  
e l ec t rode  app l i ca t ion .  
(7) The z i r c o n i a  drum bodies now i n  use have the  d isad-  
vantages of high d e n s i t y ,  low thermal conduct iv i ty ,  
and r e l a t i v e l y  poor r e s i s t a n c e  t o  thermal shock but  
the  important advantageof acceptably matching the  
c o e f f i c i e n t  of thermal expansion of the  z i r c o n i a  
e l e c t r o l y t e .  A body material of ceramic o r  metal 
w i t h  improved p r o p e r t i e s  would be des i r ab le .  
(8 )  Torch b r a d n g  the drums t o  the  gas manifolds would 
give g rea te r  f1 .exibi l i ty  t o  t h i s  assembly s t e p  and 
would avclid the  thermal cycl ing involved i n  the 
present  furnace brazing procedure. 
(9) The drums and manifolds should be packaged i n  a 
l i g h t e r  and smaller envelope than the mul l i t e  tube 
t h a t  i s  now used i n  laboratory t es t ing .  
(10) A considerable amount of opera t ional  da t a  should be 
obtained by running u n i t s  of approximately one-man 
capacity t o  enable ca l cu l a t i on  of r e l i a b i l i t y  and 
redundancy f a c t o r s  f o r  design of l i fe-support  systems. 
(11) The canis ter- type c a t a l y t i c  reac to r  f o r  CO dispro- 
por t ionat ion  should be f u r t h e r  improved t o  reduce 
i t s  weight, optimize the gas flow pa t t e rn ,  and 
maintain, f o r  l a rger  u n i t s ,  the degree of convzr- 
sion per pass of CO t o  C and C02 (depending on the 
CO i n l e t  content)  a t  the high l eve l  previously 
achieved. 
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